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HUMAN SEX CHROMOSOME ABNORMALITIES IN 
RELATION TO DNA REPLICATION AND HETEROCHROMATINIZATION 


‘ * rr 
By Metvin M. Grumpacu,* AkirA MorisHima, AND J. Herspert Taytort 


DEPARTMENT OF PEDIATRICS, COLLEGE OF PHYSICIANS AND SURGEONS, COLUMBIA UNIVERSITY, AND 
DEPARTMENTS OF BOTANY AND ZOOLOGY, COLUMBIA UNIVERSITY 


Communicated by David Shemin, March 11, 1963 


Striking differences are demonstrable in the morphological and functional state 
of the two X-chromosomes in somatic cells of the female of a variety of mammalian 
species. Recent studies'~" have led to the concept that in somatic cells one of the 
two X-chromosomes, which may be of either maternal or paternal origin, undergoes 
a change of state which first becomes manifest during early ontogeny. The trans- 
formation is characterized by (1) delayed replication of DNA during the regular 
synthetic period of interphase,* * (2) a potential for precocious condensation during 
prophase and formation of a prominent heteropycnotic body during interphase, 
Barr’s sex chromatin,'~* and (3) suppression or modification of the action of 
genes®~'? on these parts of the X-chromosome. The other X-chromosome of fe- 
males and the single X in somatic cells of males complete replication along with the 
majority of the complement, are isopycnotic, and genetically active. Based on the 
time of appearance of sex chromatin in the human embryo and the heteropyenotic 
behavior of X-chromosomes in sex-chromosome abnormalities in man, Grumbach 
and Morishima* proposed that the change of state, heterochromatinization, is in- 
duced in a large part of one of the two X-chromosomes of each cell during an early 
embryonic stage, the ‘‘fixed differentiation hypothesis.”” The transformation once 
established is then transmitted to all descendants of that particular chromosome in 
succeeding somatic cell generations. Lyon,’ on the basis of mosaicism in the ex- 
pression of X-linked factors in female mice, proposed a similar hypothesis which in- 
volves the genetic inactivation of the heterochromatinized X-chromosome. 

Heterochromatin as originally defined by Heitz"! is characterized by permanent 
heteropyenosis (highly condensed state) and relative genetic inactivity. It has 
often been assumed to represent a different kind of chromatin from the regular 
euchromatin, a special type of DNA, perhaps nonspecific in its action. On the other 
hand, others have proposed that heterochromatin and euchromatin represent alter- 
native states of the chromosome related to function over the cell cycle or during 
morphogenesis.'2 However, the interesting feature of the mammalian X-chromo- 
some system is that here we have a clear indication that this heterochromatin, at 
least, is not a special type of genetic material, but represents an induced state, a 
type of genetic control which we suggest may operate at many loci in autosomes as 
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well as sex chromosomes. _ l’or the X-chromosomes a special system appears to have 
evolved which can suppress one of two homologous loci in the same cell. We have 
previously suggested** that out-of-phase replication, heteropycnosis, and genetic 
suppression in an X-chromosome are all identifying features of this system which 
operates in the mammal. In this report we present further evidence for this view 
and an hypothesis for the mechanism of induction. 

Materials and Methods.—Human leucocytes were obtained from peripheral blood of three female 


patients with a 47/X XX (47 chromosomes, three of which are X’s) chromosome complement, one 
phenotypic male (48/XXXY) with seminiferous tubule dysgenesis (Klinefelter’s syndrome), an 


gonadal dysgenesis associated with a structural abnormality of one X-chromosome. One of the 
latter has 46 chromosomes, but one X-chromosome is larger than normal and has been intcrpreted 
as an isochromosome formed from two long arms of the X'* '4 (hereafter referred to as an X-is0- 
chromosome and by the symbol X). The other patient with a similar phenotype is a mosaic with 
XO and XX cells." Leucocytes were cultured in vitro’ and labeled on the third day by adding 2 
uc/ml of thymidine-H® (specific activity 5 curies/mM; New England Nuclear Corporation, Bos- 
ton, Mass.). After a 15-minute exposure the cells were washed and reincubated in a culture me- 
dium containing an excess of unlabeled thymidine and colchicine sufficient to block mitosis. After 
3 or 4 hours the cells were exposed to hypotonic solution before fixing and spreading. The DNA 
was stained by the Feulgen reaction and autoradiographs were prepared as described by Taylor.5 
Buccal smears were obtained and stained for sex chromatin.” In addition, the sex chromatin was 
studied in skin explants from several of the patients. For labeling such cells, thymidine-H# 
(2 ue/ml) was added to the culture medium and the cells were fixed in 95°% ethanol after 20-40 
minutes incubation with the isotope. Autoradiographs were prepared after staining by the 
Feulgen reaction. 

Results. —In the 7 subjects studied, the maximum number of sex chromatin bodies 
per diploid nucleus was equivalent to one less than the number of X-chromosomes in 
the sex chromosome complex. Only heteropyecnotic bodies with the typical charac- 
teristics of sex chromatin located at the optical edge of the flattened nucleus were 
counted. The sex chromatin mass was larger than normal in the two subjects who 
have an XX cell line.'* Together with the 7 subjects previously reported,’ a 
sufficient number of individuals with various sex chromosome constitutions have 
been studied to allow a few generalizations (Table 1). The maximum number of 
sex chromatin bodies per diploid nucleus is the same as the number of late-labeling 
X-chromosomes. The number of late-replicating X’s is regularly one in normal fe- 
males, an observation confirmed by German" and by Gilbert et al.!° This chromo- 
some is absent in males and XO females. In normal individuals, as well as pheno- 
typic males and females with extra X-chromosomes, the number of late-labeling X’s 
is one less than the total number of X-chromosomes. One XO/XX/XXX mosaic 
to be discussed is an exception.*: 4 

By analogy with the labeling pattern reported for the cells of the Chinese ham- 
ster,? and the low frequency of human leucocytes with only the X-chromosomes 
labeled, we assume that the X-chromosome continues replication for only a short 
time after most of the autosomes are finished. A small proportion of the late 
prophases and metaphases accumulated during the 3 or 4 hours following exposure 
to thymidine-H* contain heavily labeled X’s. These cells represent those which 
were near the end of the DNA synthetic phase (S period) at the time of incorpora- 
tion of tritium. Since the interval between the end of S and metaphase varies be- 
tween one and several hours, the cells with late-labeled X’s do not arrive at division 
synchronously. However, a proportion of the late prophase and metaphase figures 
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TABLE 1 
RELATION OF X’s IN Sex-CHROMOSOME CoNstTITUTION TO LATE-RePLICATING X’S AND TO SEX 
CHROMATIN Bovres 


No. of sub- 

jects* . 4 2 3 1 1 | I 1 
Sex chromo- 

somes mY RO 2X BEX AAS eS XX XO/XX XO/XX/XXX 
No. of late- 

replicating 

X’s 0 ; : I(IsoX) 1(IsoX) 


Max. no. of 
peripheral 
sex chroma- 
tin bodies 0 0 l 2 2 4 llarge 1 large 0-2 


* The results in XO, XY, XX, and XO/XX/XXX subjects appeared in a previous report in these ProceEDINGs.* 


of the three triple-X subjects contained two heavily labeled medium-sized chromo- 
somes with the size and morphology of typical human X-chromosomes. In a few 
of these cells only these two chromosomes were detectably labeled. The other X- 
chromosome was not conspicuously different from the majority of the autosomes in 
its pattern of labeling. 

Identical results were obtained with the leucocytes of the XX XY individual (Vig. 
la). Asnoted previously, the Y-chromosome in these cells, as well as normal males, 


Fig. 1.—Photomicrographs of the autoradiogram of metaphase chromosomes. Left: (a) Two 
of the three X-chromosomes were heavily labeled in this cell with 48 chromosomes and an XXXY 
sex-chromosome complex. Note the lack of labeling of the Y-chromosome. Right: (b) Four 
X-chromosomes are heavily labeled in a cell with 49 chromosomes and an XX X XX sex-chromosome 


complex. 


completes DNA replication before the late-labeling X’s. Analysis of the XX XY 
complements with only the two late X’s labeled revealed no detectable tritium in 
the Y-chromosome. This contrasts with the Y in the Chinese hamster.® 

In all of the subjects with more than two X-chromosomes, a few cells were ob- 
served which showed differences in the intensity of labeling among the late-replicat- 
ing X-chromosomes. This difference was more apparent in cells in which the 
autosomes were more heavily labeled; these cells were not at the very end of their 
DNA synthetic period. 

The cells of the penta-X subject regularly had four late-labeling X-chromosomes 
(Fig. 1b). In cultured cells derived from skin biopsy specimens a maximum num- 
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ber of four Feulgen stained sex chromatin bodies was observed in 10.0% of inter- 
phase cells presumed to be diploid. In scoring these cells, only bodies at the optical 
edge of the ellipsoidal nuclei were counted. However, if all Feulgen stained chro- 
matin bodies with the size and morphology of sex chromatin are included, the modal 
frequency is four (Table 2). More than 4 chromatin bodies were found in a small 
proportion of large, apparently tetraploid, nuclei; none of these nuclei contained 
more than 8 such masses. An examination of the autoradiographs of skin explants 
of the penta-X patient provides direct evidence that each sex chromatin body is 


TABLE 2 
FREQUENCY OF PERIPHERAL SEX CHROMATIN BoprEs AND OF ToTAL CHROMATIN BopIES PER 
INTERPHASE NuCLEUs IN 500 CELLS (FEULGEN STAIN) 
Peripheral sex chromatin bodies 
No. of sex chromatin 
bodies at optical 
edge of nucleus 
Per cent of nuclei 
Total chromatin bodies 
No. of chromatin bod- 
ies (peripheral and 
nonperipheral ) 
Per cent of nuclei 


4 é 6 ri 
69.6 , 0.6 0. 


produced by one late-labeling X-chromosome. When cells are fixed immediately 
after a short contact with thymidine-H*, a small proportion of the labeled inter- 
phase nuclei have four peripheral “hot spots’ (areas of high grain density). In 
some of these nuclei almost all of the tritium is concentrated in these four regions. 
When the grain density is low enough to allow identification of the underlying ma- 
terial, a sex chromatin body can usually be seen. Atkins ef al.*° have also recently 
described peripheral areas of high grain density over the interphase nuclei of cells 
cultured from a human female which they suggest originate from the late-replicating 
X-chromosome. 

In flattened groups of metaphase chromosomes the late-labeling X-chromosome is 
situated at the periphery more frequently than is attributable to chance alone. 
This occurs in spite of the treatment with colchicine and hypotonic solution before 
fixation. Two criteria were used for scoring a late-labeling X-chromosome as pe- 
ripheral: firstly, that it be located among the most peripheral chromosomes from the 
optical center of the metaphase; and secondly, that the cells scored have few or 
no grains over any other chromosome. In 36 cells from a normal female the late- 
labeled X was peripheral in 21. In one group of 92 chromosomes in a tetraploid 
cell the two labeled X’s were side by side at the periphery. Among 10 cells from an 
XXX individual, 3 had both late-replicating X’s peripheral, and in 5 others one of 
these X’s was at the edge of the group. These observations are consistent with 
other morphological and representational evidence which indicates that sex chroma- 
tin is at the periphery of the interphase nucleus in most somatic cells.2!~*> Fergu- 
son-Smith and Handmaker* and Ohno et al. have also observed significant associa- 
tions among certain autosomes in cells treated in a manner similar to these before 
fixation. 

Leucocytes were obtained from the two patients with heteromorphie X-chromo- 
somes (XX and the mosaic XO/XX) in the hope that the labeling pattern would re- 
veal whether or not the heteropyenotic, late-labeling X’s were the result of random 
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induction at a multicellular stage of the embryo. The autoradiographs revealed 
that the cells of one female (XX) had one late-labeling chromosome. However, it 
all cells examined the X (X-isochromosome) was the late-replicating one. Simi- 
larly, in preparations obtained from the XO/XX subject, the abnormal X was la- 
beled in the few cells found at the appropriate stage; these preparations were tech- 
nically poor because few cells were dividing. 

Discussion.—Mammals appear to have evolved an inducible genetic control 
mechanism for the X-chromosome which is operative only in the cis configuration 
comparable to the operator loci described in bacteria.** However, in contrast to 
these systems which regulate small genetic loci, a large part of the X-chromosome 
and of autosomal loci translocated to the X can be inactivated or regulated. The 
control system appears to function as a dosage compensation mechanism by which 
both female and male somatic cells maintain one functional X per two sets of auto- 
somes. Less is known of the dosage requirements of gonadal tissue, but the ab- 
normalities found in phenotypic females with an XO or an XX constitution suggest 
that a different dosage is required for normal differentiation of the human ovary. 

In a previous study,’ the erythrocyte glucose-6-phosphate dehydrogenase activity 
was shown to be essentially constant over a fourfold range of X-chromosome dosage. 
The study of the activity of this enzyme controlled by a sex-linked gene has now 
been extended to include the penta-X patient (in collaboration with P. A. Marks). 
The results indicate that the enzyme activity is within the range of normal for males 
and females, and are further evidence that heterochromatinization of extra X’s is an 
effective, but not absolute, dosage compensation mechanism in man. By contrast 
extra autosomes usually produce strikingly severe phenotypic changes. 

The apparent preferential heterochromatinization of an abnormal X illustrated 
by the two patients (XX and XO/XX) at first appears at variance with the concept 
of random heterochromatinization of parts of either the maternally or paternally 
derived X. However, previously reported morphological observations® on indi- 
viduals with structurally abnormal X’s suggest that the aberrant X is usually the 
heterochromatic one. For example, in females with one normal X and one small X, 
presumably the result of a deletion, the sex chromatin body was abnormally 
small.'* 27 On the other hand, a preliminary report by Ohno* indicates that either 
X, the normal one or one with an X-autosome translocation, can be heterochro- 
matic in mice. In one mouse the normal X could be identified in 90% of the pro- 
phases as the heterochromatic X by its precocious condensation. In another fe- 
male 70% of the prophases showed the X bearing the piece of autosome to be hetero- 
chromatic. Similarly, the studies of Russell,® of Lyon,’ and of Cattanach® on the 
variegation of autosomal genes translocated to the X-chromosome in the mouse 
indicate that either X, the normal one or the one bearing the translocation, may be 
modified in genetic expression. Further, the report by Beutler ef al." suggests that 
the genetic suppression may affect either the maternally or paternally derived X in 
individual cells. 

The apparent preferential heterochromatinization of an abnormal X may be ex- 
plained either on the basis of cellular selection following random induction of one 
of the two X-chromosomes, or as a consequence of selective induction of the iso- 
pycnotic or heteropycnotic state early in ontogeny. An analysis of the transloca- 
tion in the mouse described by Cattanach* helps to understand how cellular selec- 
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Proc. N. A.S. 


tion could operate. He described two 
viable types of female mice bearing a 
piece of an autosome, linkage group I, 
attached to an X-chromosome by a re- 
ciprocal translocation. One type has 
a balanced chromosome complement 
and the is trisomic for the 
translocated autosomal piece but defi- 
cient for a segment of one X (Tig. 3). 
Ohno has found from cytological 
studies® that the autosomal segment is 
heteropyenotic when the X with the 
translocation is heterochromatinized. 
Cattanach’s genetic data indicate that 
loci affecting coat color in the translo- 
‘ated piece produce a flecked or mosaic 
pattern in XX females and XX Y males 
but not in XY males or XO females. 
These observations are consistent with 
the hypothesis of genetic inactivation 
of at least part of the translocated 
autosomal segment if the X bearing it 
becomes heterochromatinized. When 
this occurs in cells with a balanced 
complement (lig. 3), these cells be- 
come, in effect, deficient for the trans- 
located segment. Such cells might be 
at a disadvantage in survival, since 
mice deficient for this one autosomal 
segment are not viable. Accordingly, 
in females with the balanced comple- 
ment most of the abnormal X’s should 


second 


be isopyenotic, even if the original in- 
duction of the isopyenotie or heter- 
opycnotic state were random. Con- 
versely, in those females which are tri- 
somie for the translocated autosomal 
segment, one would expect to find more 


cells in which the normal X is isopyenotie and the X bearing the translocation het- 


eropycnotic. 


Inactivation of the aberrant X-chromosome would leave these latter 


cells with a functionally balanced complement, i.e., two autosomal segments and 
one X-chromosome which remain genetically active. 

The considerations discussed above lead us to the conclusion that the structurally 
abnormal “X”’ chromosome (X) in the XX and XO/XX females we have studied 
may be either an isochromosome formed from the two long arms of an X-chromo- 
some, a suggestion previously advanced,'* '4 or an X carrying a translocation of an 
autosomal segment of a size to produce two equal arms, a possibility raised by 
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Ohno*® from his work in the mouse. If the abnormal chromosome is an isochromo- 
some, its inactivation should result in a functionally balanced complement. If, on 
the other hand, it is formed by an X-autosome translocation, we would predict that 
the complement is of the unbalanced type in which inactivation of the aberrant 
chromosome would produce a functionally balanced complement. In either case, 
if the normal X-chromosome carries a mutant gene, its expression should be com- 
parable to that found in hemizygous individuals.’ 

An alternative to the cellular selection hypothesis is some mechanism which leads 
to selective induction of the isopyenotice or heteropycnotic state in the aberrant X. 
It is possible to imagine a mechanism modeled after the bacterial systems reviewed 
by Jacob et al.** 

Let us suppose that induction involves the incorporation of an episomal factor 
into an X-chromosome at a specific receptive locus during early embryonic develop- 
ment. As soon as the episome becomes incorporated, it begins to funetion by 
producing a substance which combines with and inactivates any other such unin- 
corporated factors in the cell. Thereby, other X-chromosomes with similar recep- 
tive sites are not induced to the potentially isopyenotie state. A factor which in- 
duces the potentially isopyenotic state is compatible with our present knowledge, 
since we regularly find one isopyenotie X-chromosome irrespective of the total 
number of X-chromosomes in the cell. After the first X-chromosome is induced, 
we may assume that the other X or X’s in the cell remain in or acquire the po- 
tentially heteropyenotic state. Sex chromosome mosaics harboring cells with 
more than one isopycnotic X or none are assumed to arise by nondisjunction after 
the induction stage. This behavior would explain the situation previously reported‘ 
for the chromosomal mosaic (XO/XX/XXX), in which some cells with three X’s 
had two late-replicating X’s while others had only one. 

To develop this model of regulation further, one might suppose that later the X- 
chromosomes begin to produce a repressor substance, at or near each receptive 
locus not inactivated by induction of the isopyenotie state, which effects the hetero- 
pycnotic transformation and the phenomenon of heterochromatinization. To 
limit the effects to the chromosome or region containing the locus, a substance with 
limited diffusibility and the capacity to spread along fibrous material may be neces- 
sary. Two functions might be attributed to this substance. Its primary function 
would be to prevent or hinder the synthesis of RNA on the DNA template; but, in 
addition, it must permit DNA replication. Actinomycin D has these effects on 
DNA; however, it is a relatively small, freely diffusible molecule. The secondary 
function of the hypothetical repressor substance would lead to a regulatory system 
for DNA replication in the heterochromatinized chromosomal segments which dif- 
fers from that of the isopyenotic chromosome. Such heteropyenotie regions may 
be representative of a large class of chromatin scattered through the complement, 
which is released for replication sometime after the beginning of the regular DNA 
synthetic period and frequently completes replication a little late. 

In this model the episomal factor incorporated into the potentially isopyenotic 
chromosome prevents the production of the repressor substance on the X-chromo- 
some to which it became attached, and thereby ensures its genetic function. The 
model provides an explanation of the preferential heterochromatinization of an 
aberrant X-chromosome from which the specific receptive locus is deleted or trans- 
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located, since the aberrant chromosome would no longer be inducible to the po- 


tentially isopyenotic state. 

The association of precocious condensation, delayed DNA replication, and the 
apparent suppression of RNA synthesis in the segments involved may be char- 
acteristic of a regulatory mechanism that affects autosomes as well as sex chromo- 


somes and, hence, operates in cellular differentiation. The transformation could 
well be reversible and induced by a variety of factors in the different parts of the 
complement. It should be emphasized that the above speculation concerning an 
episome is an attempt to explain the special case in which there is differential be- 
havior among identical or very similar genetic loci in the same cell, i.e., the in- 
tegrated episome operates only in the cis configuration. 

Summary.—Tritiated thymidine and autoradiography were utilized to study the 
sequence of DNA replication in X-chromosomes of the human complement. Five 
individuals with extra X-chromosomes were found to have one X which replicates 
with the majority of the complement while all others replicate late. Evidence is 
presented which indicates that these late-replicating X-chromosomes are hetero- 
pycnotic in interphase and their genetic expression is repressed. Two patients 
with a structurally abnormal X were found to have this chromosome consistently 
heteropyenotie and late-replicating. These observations are consistent with the 
“fixed differentiation hypothesis” of X-chromosome behavior. 
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INCORPORATION OF PARENTAL DNA INTO 
GENETIC RECOMBINANTS OF E. COLI 
By Opaip H. Sipprai* 
DIVISION OF BIOLOGY, UNIVERSITY OF PENNSYLVANIA 


Communicated by David R. Goddard, November 5, 1962 


Two kinds of mechanisms have been considered to account for genetic recom- 
bination in bacteriophage and bacteria. One involves exchange of pre-existing 
genetic material between homologous chromosomes (breakage and reunion), and the 


other implies exchange of genetic information without exchange of pre-existing 
genetic material (copy choice).' Experiments by Meselson and Weigle? and Kellen- 
berger, Zichichi, and Weigle*® have shown that when a strain of bacteriophage 
containing labeled DNA is crossed with an unlabeled and genetically distinguishable 
strain, the genetic recombinants arising from such a mating contain discrete 
amounts of the parental DNA. We present evidence which indicates that recom- 
binants arising from the mating of an Hfr with an F~ strain of Escherichia coli 
inherit labeled DNA from the F~ parent. 

Bacterial conjugation involves a progressive transfer of genetic markers from the 
Hfr to the recipient F~.4 There is a concomitant transfer of DNA from the Hfr to 
the F-.6 The recipient subsequently gives rise to recombinants. The present 
procedure for detecting the incorporation of parental DNA into recombinants in- 
volves the mating of a T6-resistant Hfr to a T6-sensitive I~ carrying specifically 
labeled DNA. When the mated cells are exposed to a high multiplicity of the 
phage T6, the sensitive cells are rapidly lysed. ‘The T6-resistant I~ recombinants 
can then be separated by filtration and examined for the presence of the parental 
label. 

Materials and Methods.—Bacteria: The F~ is a derivative of a thymine-requiring strain which 
originated in the laboratory of Dr. F. Ryan and was obtained through the courtesy of Miss E. Fox. 
Its pertinent characters for the present experiment are Thy~ (requirement for thymine) and S* 
(resistance to streptomycin). The Hfr is resistant to phage T6 (T6") and transfers the phage 
resistance marker at about 5 min after mating; it is S". 

Phage: Wild-type coliphage T6 was used. High-titer phage suspension (5 X 10" particles/ml) 
was prepared according to the methods of Adams.® 

Medium: The broth medium contained Bacto Tryptone 10 gm, yeast extract 5 gm, NaCl 5 
gm, dextrose | gm, and distilled water one liter. The pH was adjusted to 7.4 with NaOH. 

Preparation of labeled F~ and mating procedure: An overnight culture of the F~ was diluted one 
hundredfold into 0.5 ml of broth to which 10 microcuries of tritiated thymidine (specific activity 
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3.15 curie/millimole) was added. The cells were incubated at 37°C for 3 hr, centrifuged, 
washed thrice with a large excess of cold thymidine, and reincubated for 20 min in 1 ml of broth. 
After this second incubation, the labeled cells were resuspended in fresh broth prewarmed to 
37°C. The optical density of the suspension was 0.15. The Hfr was grown to an optical density 
of 0.1, centrifuged, and resuspended in one fourth of the original volume of broth. The cells were 
mixed as follows: | ml Hfr + 1 ml F~ + 1 ml fresh broth + unlabeled thymidine to yield a final 
concentration of 50 ug/ml. The mixture was spread on a Petri dish and kept at 37°C with 
occasional gentle swirling. After one hour, the mixture was diluted 20-fold in broth to which 100 
ug/ml of streptomycin and 50 wg/ml of cold thymidine had been added. The diluted culture was 
incubated on a rotary shaker at 37°C. At desired intervals, samples were removed for deter- 
mining the titer of phage-resistant cells and for radioactivity measurements as described in the 
following section. 

Separation of recombinants: In order to separate the T6" recombinants from the nonresistant 
F~ cells, an aliquot of the diluted mating mixture was infected with about 300 phage particles per 
cell. This resulted in a rapid lysis of the sensitive cells. After incubation with 20 pg/ml of 
deoxyribonuclease for 30 min to degrade the DNA liberated from the lysed cells, 0.5 ml aliquots 
of the mixture were filtered through a bacterial filter (Halibut ultrafilter) and extensively washed 
with water. The unlysed cells remained on the filter paper. It is important to ensure that the 
filtration is rapid and clogging does not occur. For a suggestion of this method the author is 
indebted to Dr. 8. D. Silver.’ 

Measurement of radioactivity: The filter papers were dried and warmed in counting vials with 1 
ml of hydroxide of Hyamine (obtained from Packard Instrument Co.) at 65°C for | hr. Ten ml 
of scintillation liquid containing 0.59% PPO (2,5-Diphenyloxazole) and 0.05°% dimethyl POPOP 
(1,4-bis-2-(4-methyl-5-phenyloxazolyl) benzene) in toluene were then added, and the samples 
were counted in a Packard liquid scintillation spectrometer. 

Measurement of tritium inthe DNA; The tritium in the unlysed cells was fractionated according 
to the method described by Hershey and Melechen.’ After the mated F~ cells had grown for 8 
hr, they were exposed to phage and incubated with deoxyribonuclease for 30 min. The unlysed 
cells were centrifuged and washed repeatedly to remove the DNAase and reprecipitated in cold 
0.3 molar TCA. The precipitate was resuspended in 1 molar KOH and kept at 37°C for 15 hr to 
solubilize RNA. The suspension was chilled and neutralized with HCI, and TCA was added to a 
final concentration of 0.3 molar to precipitate DNA. The precipitate was resuspended in 0.05 
molar phosphate buffer at pH 7 containing 0.003 molar MgSO,, and was incubated at 37°C with 
DNAase for 20 min. The suspension was again precipitated with cold TCA and centrifuged. 
The tritium activity in the supernatant was used as a measure of the amount of label in the DNA. 

Results.—As a preliminary experiment to test the efficacy of the technique, 
T6-sensitive cells were labeled with tritiated thymidine and grown in broth. Radio- 
activity measurements at different times showed that, during the course of the 
experiment, the label was conserved in the cells and essentially all of it was precipi- 
table with TCA. When the culture was filtered through a bacteria-retaining filter, 
the radioactivity remained on the filter paper. Treatment of the cells with T6 
phage and DN Aase before filtration rendered most of the radioactivity filterable. 
The result of such an experiment is given in Table 1. 

In the mating experiment, the F-S'T6* strain, labeled with tritiated thymidine, 
was mixed with the Hfr S°T6' strain. After a period of 1 hr at 37°C, the cells were 


TABLE 1 
EFFECTIVENESS OF Lysis oF T6-SENSITIVE CELLS 


ie —Radioactivity Remaining on Filter Paper— 
Treatment of sample Counts/min Per cent of total 


Untreated 940 98.5 
Precipitated with cold TCA 900 94.1 
Exposed to T6 phage and DN Aase 4 0.4 


See text for details of the experiment. 
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diluted into broth containing streptomycin and incubated at 37°C. At different 
times thereafter, aliquots of the mated cells were lysed and filtered as described in 
the section on Methods, and the radioactivity remaining on the filter paper was 
measured. Viable counts of the S‘ and T6'S* cells were obtained by plating suitable 
dilutions on broth containing, respectively, streptomycin or streptomycin and T6 
phage. 

The results are presented in Figure 1. The radioactivity on the filter paper is 
taken as a measure of the label in the T6- : . , 
resistant recombinants. It will be seen that Radioactivity in control 
the counts on the filter paper rise in parallel 
with the proportion of the T6-resistant re- 
combinants among the I~, and the two 
values reach a maximum at about the same 





| e Radioactivity in moted 
culture 


3 


-* T6-resistant recombinants 7 


time. 

In control experiments, the addition of the 
T6' Hfr was omitted but six per cent un- 
labeled I’-S'T6' cells were added to the 
labeled cells. In this case, there was no in- 
crease in the counts on the filter paper. It 
would thus appear that the unlysed T6' cells 
contain the label only when they arise from 
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the labeled F~- cells. In other words, the 9% > 4 rs 0 
labeled DNA in the I~ is transmitted to its Vine after vert of wishing (haunt) 


recombinant progeny. More than 90° % of 
the tritium activity in the resistant cells sais alg agg Mow Pen 
was located in the DNA. recombinants. The details of the 

The proportion of S'T6" recombinants experiment are described in the text. 
among the F~ cells varied in different experiments from 5% to 6.5% while the 
proportion of the total radioactivity in recombinants was 4% to 5%. 

Discussion.—Sensitivity to T6 is dominant over resistance.’ In order to be 
phenotypically T6-resistant, a bacterial cell needs not only to incorporate the resis- 
tance gene but also to lose the existing receptor sites. Consequently, a resistant 
bacterium cannot be heterozygous or heterokaryotic for T6", and the resistance 
marker must be fully integrated with the genome. The presence of labeled DNA 
in the T6-resistant cells, therefore, demonstrates the association of new genetic 
information with the old DNA. 

Some limits may be placed on the mode of transmission of the parental DNA to 
the recombinant progeny by the quantity of the label present in the recombinants. 
If only one of the two DNA strands is involved in this transmission, the proportion 
of the parental label in the recombinants can be no more than half of the proportion 
of recombinants among the IF’~ cells. As the recombinants inherit a part of their 
genome from the Hfr, this proportion will, in fact, be less. In our experiments, the 
amount of label present in the T6-resistant cells is well above this value, indicating 
that both strands of DNA must be transmitted from the labeled F~- to the re- 
combinants. 

The S'T6" recombinants constituted 5°%-6.5% of the I~ cells and contained 
4%-5% of the total tritium activity. More than 80° of the DNA from the 
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individual I~ parents must, therefore, have been transmitted to the recombinants. 
Since spontaneous interruption of conjugation can occur before the entire chromo- 
some has been transferred, the contribution of the I~ parent to the recombinant 
chromosome is expected to be predominant. The amount of the DNA transmitted 
by the F~ to its recombinant progeny thus appears to parallel its genetic contri- 
bution. 


I wish to express my gratitude to Dr. Alan Garen for his help and advice. 
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GENETICS OF A GAMMA GLOBULIN ISOANTIGEN 
(ALLOTYPE) IN THE MOUSE* 


By JoHN WUNDERLICH AND LEONARD A. HERZENBERG 
DEPARTMENT OF GENETICS, SCHOOL OF MEDICINE, STANFORD UNIVERSITY 
Communicated by Joshua Lederberg, March 20, 1963 


In man and the rabbit, isoantigens on gamma globulins have proved invaluable as 
structural markers in the purification and characterization of gamma globulins and 
their subunits.'~* In the mouse, in addition to these uses, the isoantigens are 


potentially useful as genetic markers of the whole animal and of transplanted or in 
vitro cultured lymphoid cells for genetic studies of somatic cells. 4 

In this publication, we describe studies of a mouse gamma globulin isoantigen 
(appearing in strains different from those already reported by Kelus®) and show that 
this isoantigen is present on antibody molecules of two different antibody specificities. 
We show further that the inheritance of this antigen is controlled at a single ge- 
netic locus. 


Materials and Methods.—M ouse strains and sources: A/J, C57BL/6J, from Jackson Memorial 
Laboratories; BALB/cCrglKa, C57BL/Ka, from Department of Radiology, Stanford University; 
C3H/SnHz, C3H-H-2>/SnHz, C57BL/10SnHz, from Department of Genetics, Stanford Univer- 
sity; (101/Rl X C3H/RI)F,, T (noninbred tester stock), from Biology Division, Oak Ridge Na- 
tional Laboratory. 

Isoimmunization with mouse gamma globulin: BALB/e mice, males and females, were im- 
munized with a 50° ammonium sulfate precipitate from a pool of C57BL/6 retired breeder sera 
which represented more than 50 animals of mixed sex. The primary injection, 2.3 mg globulin pro- 
tein per mouse, was given in Freund’s adjuvant intraperitoneally and subcutaneously (1 vol of 
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globulin protein, 23 mg/ml, and 4 vol complete Freund’s adjuvant). A recall injection of 2.3 mg 

globulin protein, without Freund’s adjuvant, was given 3 weeks later intraperitoneally and sub- 

cutaneously. Animals were bled from the ventral tail artery at 4 weeks, and further recall injec- 

tions similar to that at 3 weeks were given at monthly intervals. 

Double diffusion (Ouchterlony): Both cellulose acetate strips® and microagar gel slides? were used 
for microprecipitin tests. The aqueous phase consisted of a Tris buffer, pH 8.9, for cellulose ace- 
tate, and phosphate buffered saline, pH 7.0,' for microagar slides. Microslides were allowed to de- 
velop overnight. 

Hemagglutination: (a) Sensitization of erythrocytes—Freshly collected mouse erythrocytes 
were washed in saline (at room temperature) and suspended to 4% in isotonic phosphate buffered 
saline, pH 6.5. Equal volumes of the erythrocyte suspension and appropriately diluted mouse hy- 
perimmune antiserum, which is reactive with the erythrocytes (e.g., C3H erythrocytes and 
C57BL/6 anti C3H),* were then incubated 30 min at room temperature followed by 30 min in the 
refrigerator (5°-10°C). The cells were then brought to 4°C, and while kept at that temperature, 
sedimented, washed, and resuspended to 2° in phosphate buffered saline, pH 6.5. 

(b) Testing of sera for anti-gamma globulin activity—Sera to be tested were diluted !/s5 or more 
in phosphate buffered saline, pH 6.5, containing 0.1% bovine serum albumin; then 0.1 ml of the 
diluted serum was mixed with 0.1 ml ‘“‘sensitized”’ erythrocyte suspension in the well of a polysty- 
rene titration plate. After incubation for 2 or more hr in the refrigerator, those wells in which ag- 
glutination oecurred had an even 
layer of erythrocytes coating the 
sides and bottom of the well, 
whereas those wells which were 
negative had a round, well-defined 
“button” of erythrocytes at the 
bottom (see Fig. 1). 

(c) Testing of sera for presence 
of gamma globulin antigen by in- 
hibition of hemagglutination-—To 
test for presence of an antigen in a 
serum by specific inhibition of ag- 
glutination of sensitized erythro- 
cytes with an anti-gamma globulin 
antiserum, 0.1 ml of an antiserum 
dilution at least two doubling dilu- 
tions from the titration endpoint 
was incubated with 1-5 ul of the 


test serum for 10 min prior to addi- Fig. 1.—Erythrocyte Agglutination Patterns. Even 


x coating of the bottom of the well by erythrocytes is posi- 
tion of the erythrocytes. tive. A small, round button of erythrocytes at the bottom 

Genetic studies: Mice were bred of the well is negative. 

2 females to 1 male. Progeny were 
numbered at weaning but were not tested for gamma globulin isoantigen until 8 weeks of age. 

Results.—Demonstration and location of antigen: The immunization of BALB/c 
mice with the “globulin” fraction of C57BL/6J serum causes production of an anti- 
serum which reacts with C57BL/6J serum. This reaction can be demonstrated by 
the Ouchterlony technique (double diffusion), using either cellulose acetate or 
agar gel as a supporting medium. After 3 days in cellulose acetate or a few hr in 
agar gel, a single band of precipitation develops between the antigen and antibody 
wells. Further incubation does not reveal additional precipitation lines. 

The pooled antiserum used for the work presented in this publication gives a 
visible line of precipitation when diluted as far as '/;, and tested against undiluted 
C57BL/6 normal serum, and C57BL/6 normal serum diluted '/ 9 still reacts visibly 
with the undiluted antiserum. For all experiments reported here, neither the anti- 
serum nor the sera tested for antigen was diluted. 





594 GENETICS: WUNDERLICH AND HERZENBERG Proc. N. ALS. 


© 


Immunoelectrophoretic analysis, in which the C57BL,/6 normal serum containing 
the antigen(s) is allowed to migrate in the electrophoretic field and the antiserum is 
then placed alongside the electrophoretic pattern and allowed to diffuse, reveals a 
single are of precipitation. The position of the are (as seen in Fig. 2) indicates that 


+ 


Fic. 2.—-Association of Mouse Isoantigen with Gamma Globulin. Well 1, C3H (isoantigen 


negative) normal serum; Well 2, C57BL normal serum. Trough a and c, rabbit antimouse globu- 
lin; Trough b, BALB/c anti C57BL/Ka globulin. Supporting medium: 0.05 M Veronal, pH 8.2 
in 1°¢ ionagar. Electrophoresis 90 min at 6 V/cm. 


~~ 


the reacting C57BL, 6 antigen is associated with the gamma globulins. It has 
therefore been designated Gg-2.* 

In order to demonstrate that the Gg-2 is present not only in the gamma globulins, 
but actually on reactive antibody molecules (usually associated with the gamma 
globulins), the reaction of BALB/¢ anti-Gg-2 with C57BL antibodies in two sepa- 
rate systems was studied: the absorption of anti-Gg-2 by a specific precipitate of 
bacteriophage with C57BL,/ Ka antibacteriophage and the agglutination by anti- 
Gg-2 of mouse erythrocytes reacted with “incomplete” isoantisera (i.e., anti-H-2 
antiserum) which otherwise cause visible agglutination only in the presence of a 
developing agent. 

(1) A-specifie precipitate of C57BL/ Ka antibacteriophage T2 with the bacterio- 
phage was prepared by incubating one volume of the antiserum with one volume of 
phage suspension (10'* particles/ ml) for several hours at 5-10°C, washing the re- 
sultant precipitate four times, and finally suspending to one volume in phosphate 
buffered saline (see Fig. 3). This suspension lowers the anti-Gg-2 activity of an 
equal volume of the BALB anti-C57BL gamma globulin below levels detectable by 
immunodiffusion (at least 16-fold). Bacteriophage incubated with normal 
C57BL/ Ka serum does not absorb anti-Gg-2 activity. 

(2) The data in Table 1 show that C3H erythrocytes, reacted (and therefore 
coated) with C57BL/6 anti-C3H antiserum, agglutinate in the presence of BALB/c 
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C57BL (Gg-2) anti-T2 + T2 


Allow to aggregate 


| 


Centrifuge 


| 


Supernatant Pellet (Specific ppt. of T2 and anti-T2) 
(discard ) 
Wash 4 X with buffered saline 
Resuspend to original volume of phage suspension 


Incubate with equal volume of BALB/c anti-Gg-2. 
Centrifuge 


Supernatant Pellet 
(No detectable anti-Gg-2) (Anti-Gg-2 combined with specific ppt.) 


Fig. 3.—Absorption of Anti-Gg-2 with Specific Precipitate of T2 Coliphage. 


anti-Gg-2 but not in the presence of BALB/c normal serum. Uncoated erythro- 
cytes do not agglutinate in the presence of anti-Gg-2. 

The hemagglutination reaction is inhibited by preincubation of anti-Gg-2 with a 
serum containing Gg-2 (e.g., C57BL/6J). Thus, under standard conditions (see 
Methods) 5 ul of a serum containing Gg-2, diluted as high as '/ x9, is completely in- 
hibitory, whereas 5 ul of an undiluted serum free of Gg-2 has no effect on agglutina- 
tion (see Table 2). In all cases, those sera (containing the C57BL antigen) which 
inhibit agglutination precipitate with anti-Gg-2 in agar and vice versa. 

Two other antisera have been prepared which react with Gg-2: C3H_ anti- 
C57BL/10 and DBA /2 anti-C57BL, 10. The precipitation lines formed when these 
sera are reacted with Gg-2 join to form bands of identity with the line made by 


TABLE 1 
AGGLUTINATION OF ERYTHROCYTES CoaTep witH GG-2 By BALB/C Anti-Gc-2 
Erythrocytes coated with antibody carrying the Gg-2 antigen 
Serum Dilution of serum used for coating 
1/10 to 1/5120 1/10,240 
BALB/e normal ~ - 
BALB/c anti-Gg-2 os ~ 
Uncoated erythrocytes (or exposed to nonimmune serum) 
BALB/c anti-Gg-2 _ _- 
Each well contains 0.1 ml of antiserum, appropriately diluted, plus 0.1 ml or of erythrocyte sus- 
pension. 


+ indicates even coating of the bottom of the well by erythrocytes. 
— indicates a small, round button at the bottom of the well. 


TABLE 2 
INHIBITION OF AGGLUTINATION OF ERYTHROCYTES COATED WITH GG-2 BY SERUM CONTAINING 
Ge-2 


Inhibitor- - -—— Dilution of inhibitor-test serum—-——- —~ 
Antiserum test serum Undil. 1/10 1/20 1/40 1/80 1/160 1/320 


BALB/c anti-Gg-2 
Diluted 1/640 C57BL/6J +i* +! +? +? +! 
= ” BALB/cKa -i -i -i -? -i 
*+i refers to presence of inhibitor; i.e., no agglutination in well. 


In each well, 0.1 ml antiserum at 1/640 dilution was incubated with 5 ul of ‘‘inhibitor’’ serum at appropriate di- 
lution, for ten min before 0.1 ml of Gg-2 coated erythrocytes were added. 
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BALB/c anti-Gg-2. Therefore, these sera were pooled and used for the genetic 
studies which follow. 

Inheritance and distribution of Gg-2: Pooled data from a number of different out- 
crosses of Gg-2 positive strains, set up to determine the mode of inheritance of Gg-2, 
indicate that the production of the antigen is under the control of a single gene, 
which we designate Gg®. In the backcross of the heterozygote to the negative 
parent (Gg?/— X —/—), 233 of the progeny were positive for Gg-2 and the remain- 
ing 209 were negative. This is not significantly different (x? = 1.3) from the ratio 
expected for a single factor cross (1:1, positive to negative progeny). The sex of the 
parent carrying the positive gene had no effect on the ratio. In the I, cross, where 
the heterozygote is intercrossed (Gg?) — XK Gg?/—), 202 progeny were positive and 
78 negative. This again is not significantly different (x? = 1.2) from the ratio 
(3:1, positive to negative) expected if a single gene is segregating (see Table 3). 


TABLE 3 
INHERITANCE OF Ga-2 


Ge-2 Ge-2 
Cross Positive Negative Exp 


Backeross to negative 
strain (Gg—2/ — x~/—) 23° 209 221:221 1.3 0.25 
F, (Gg—2/ — x Gg-—2/-—) 20: 78 210:70 1.2 0.27 
Data from reciprocal matings in several strains are pooled. Negative strains are A/J, BALB/cKa, C3H 
SnHz, C3H-H-2°/SnHz, C3H/RI, T (noninbred). Positive strains are C5S7BL/10SnHz, C57BL/Ka., 101/RI. 


Several mouse strains, other than the C57BL lines, react with the pooled anti- 
serum, but the possibility that these strains produce cross-reacting antigen rather 
than Gg-2 has not yet been excluded. In Table 4, the results of a survey of mouse 
sera obtained from a number of laboratories are presented. All C57BL strains and 
SJL/J, LP/J, SM/J, and 101/R1 both inhibit hemagglutination and form con- 
tinuous lines when placed in adjacent wells on the Ouchterlony plate. 


TABLE 4 
PRESENCE OF GG-2 GAMMA GLOBULIN ISOANTIGEN IN INBRED Mousk STRAINS 
Positive Negative 

B10. D2/SnHz A/J MA/J 
C57BL/6J AKR/J PL/J 
C57BL/Ka AL/N RF/J 
C57BL/10SnHz BALB/cCrglKa RIIT/AnJ 
LP/J BDP/J ST/J 
SJL/J BRSUNT/N STR/N 
SM/J C3H/He SWR/J 
101/RI C3H/SnHz 129/Crg!Ga 

C3H.SW /SnHz 

CBA/J 

C57L/HeN 

C57BR/J 

C58/J 

CE/J 

DBA/IJ 

DBA/2J 

DD/He 


Discussion.—Because of the existence of highly inbred, genetically homogeneous 
strains, studies on the genetic control of synthesis of gamma globulin should be more 
easily accomplished with mice than in man and the rabbit. Studies in these spe- 
cies'~* * are complicated by the fact that each individual is unique in his genetic 
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and antigenic constitution, whereas in an inbred mouse strain, large numbers of 
identical individuals are readily available as donors or recipients for immunizations 
or as parents for various crosses. 

Kelus and Moor-Jankowski were the first to report a mouse gamma globulin 
isoantigen.’ This antigen was identified in the BALB/c, C3H, and Champagne- 
Glaxo strains and absent in C57BL. The antigen which we describe here, Gg-2, ap- 
pears in the C57BL strains but not in BALB/c orC3H. We have shown by analysis 
of the inheritance of Gg-2 that it is controlled by a single segregating factor. It is 
possible that these two mouse gamma globulin antigens represent alleles at a single 
locus. 

The analogy with human and rabbit systems suggests that as Gg-2 gives a clear- 
cut line in the gamma globulin region on immunoelectrophoresis, the antigen should 
be present on antibody molecules. The removal of anti-Gg-2 activity with anti- 
bacteriophage T2 and the agglutination, by anti-Gg-2, of erythrocytes coated with 
(ig-2 prove this to be the case. 

The immunizing antigen which we used was a 50 per cent saturated ammonium 
sulfate precipitate of normal C57BL serum, which contained little or no phage 
{K<0.04]" or erythrocyte-reacting antibody; yet the anti-Gg-2 obtained was 
reactive against gamma globulin molecules carrying each of these antibody activi- 
ties. Further, all the anti-Gg-2 was absorbed by the phage antibody precipitate, 
indicating that the phage antibody alone can absorb the major (and perhaps all) 
components of the anti-Gg-2 antiserum. 

Gg-2 antigen is under the control of a single gene, as far as can be inferred from 
segregation ratios among several hundred mice. If two closely linked genes deter- 
mined two antigenic specificities, each reactive with the anti-Gg-2 antisera, cross- 
overs could be detected in one of two ways: (a) spur formation on Ouchterlony 
plates, or (b) lack of inhibition of hemagglutination by a serum which precipitates 
with anti-Gg-2. Sera from several hundred offspring were tested by each method, 
and no indication of separation of antigens was observed. 

Gg-2 is found in sera of all the C57BL strains tested, as well as in sera of several 
other strains. These latter strains share all the antigenic determinants which dif- 
ferentiate C57BL from BALB/c, DBA/2, or C3H, but they may have other deter- 
minants as well. 


A preliminary report of this work was given at the 3lst Annual Meeting of the Genetics Society 
of America, August 1962. We are pleased to acknowledge the expert technical assistance of Miss 
Joanne Tripp and Mr. Ralph Koeth. 
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ROTATION TENSORS AND IRROTATIONAL MOTIONS IN 
EINSTEIN-RIEMANN SPACES 
By Dominic G. B. EpeELEN 
THE RAND CORPORATION, SANTA MONICA 
Communicated by T. Y. Thomas, March 22, 1963 
Let & be a four-dimensional Einstein-Riemann space whose fundamental metric 
tensor ((h4,)) is of signature —2, and let M be a four-dimensional region of & over 
which is defined a vector field ((V“4)) such that V4(X*) € C' and 
def 
@ = V4VFha, ¥ 0. (1) 
(The summation convention is used throughout. Capital italic indices are assumed 
to range over the values 0, 1, 2, 3.) The skew-symmetric rotation tensor 
def 
Quan = Vta-n) (2) 
is then well defined on mM. If ¢@ > 0, V4 is time-like, and Q4, is similar to the vor- 
ticity tensor of previous authors.'~* 
Consider the idempotent tensor field 
B B By ‘ 
Tm =6, —@ 'I Va (3) 
: 


on ®t. With it we may define an operator z over the set of all tensor fields on MN 
5 


as follows: 


(Th “y= on ate” hog ene (4) 


r v 


This operator projects any tensor into the generic algebraic space orthogonal to V4. 
Applying 7 to Q4n, we have 
, def 
wap = @(Q4p) 


v 


= Qan+ 7! V?(ViaV a1 ,v + V ptaVp))- 
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If @ = 1, waz is What Synge refers to as the spin tensor.’ In general, if we construct 
an orthogonal tetrad on ((V“)) at a point P in IN and earry this tetrad by Fermi- 
Walker transport (see ref. 4, pp. 13-15) along the trajectory [', of ((V“)) which 
passes through ?, then w4, would represent the rotation of the trajectories adjacent 
to I’, as measured in the transported tetrad. We shall therefore refer to w4,% as the 
lermi-rotation tensor. No physically simple interpretation can be assigned to Q4 x. 
The intrinsic differences between Q4, and w,4z are best seen by examining the 
conditions for their equivalence. From (5), we see that w42 = Q4, if and only if 


Vv ViaVijeo + VosaVa)) = 0. 


Noting that VV ns = '/9,, by (1), the above conditions become 


Via(Vaj.vV? — 1/29,)) = 0. (6) 


The necessary and sufficient condition that (6) be satisfied is that there exist a 
scalar @ such that 


Va;pV? — ‘yop = aV gz. (7) 


If we contrast (7) with V4, we obtain a ¢@ = 0. Since ¢ ¥ 0 by hypothesis, we con- 


clude that a = 0. Hence, a necessary and sufficient condition for equivalence of 
Q4n and w,p is that V4 be such that 


Ve.pV? — '/,n = 0. (8) 
If we introduce the metric 
ds? = |\olhypax4dr®, 


equation (8) becomes DV®/Ds = 0. Hence, Qyn = wap if and only if the trajec- 

tories of V® are geodesics in the metric space defined in M by the conformal transforma- 
° | | . . . ° 

tion han > |d\han. It is also of interest to note that system (8) is equivalent to 


V0.8 = 0. (9) 


In practice, w4 is usually formed from a unit time-like vector V4, while Q4, is 
formed from the vector field YV4 with y # 0. The above procedure can be used to 
show that w42(V¢) is proportional to Q42(WV-) if and only if YV, = U4 is such 
that 


Us.pU? —! (¥"),p = 0. 


In view of the differences between Q4, and w4z and the fact that w,4, is the physically 
meaningful rotation tensor,‘ it would appear that the “relativistic vortex theory,”’ 
obtained by Lichnerowicz'! and Taub* through formal manipulations based on Q4:, 
requires re-examination. 

We now confine our attention to those vector fields which satisfy the following 
definitions of irrotational motion: 

(1) A field V4 is said to represent a state of strongly irrotational motion in Mm if and 
only tf Qan = 0 throughout MN. 

(2) A field V“ is said to represent a state of Fermi-irrotational motion in M if and 
only tf wan = 0 throughout M. 

If a motion is Fermi-irrotational, then (5) and the previous considerations give. 
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—Qan = 'Via(Va},pV? — '/od,n)). 


On the other hand, if the motion is strongly irrotational, a,, = m(Q42) = 0. Hence, 


v 
our previous results show that a strongly irrotational motion can be characterized 


by 
wap = 0, Ve.pV" — '/2b,8 = 0. 


As is well known, the conditions Q,, = 0 are necessary and sufficient for the 
existence of a scalar function n(2*) on M such that V4 = O47. This result com- 
pletely characterizes the V4 which represent states of strongly irrotational motion. 

Consider the form Vj4Qzgc¢). Since Qge admits the representation 


Qc = t(Qzee) + (U1 - 1) (Qe) 


Y 


= wac + (1 — 1) (Qae) 
and Vi4(1 — )(Qec)) = 0, we have 


V alec) = V ta@pc)- (10) 


Hence, if wae = 0, we have Vi4Qee) = 0. However, the latter equations are both 
necessary and sufficient for the existence of two sealar functions (2%) and n(2*) on 
mm such that 


Vig = 004n. (11) 


Conversely, if (11) is satisfied, then (10) gives Viywae; = 0. Since the support 
of wre is the algebraic generic space orthogonal to V4, Vi,wec) = 0 if and only if 
wre = 0. Hence, a necessary and sufficient condition for V“ to represent a state of 
Fermi-irrotational motion is that there exist scalar functions 6(2%) and n(x*) such that 
Vig = 0040. 


We have previously assumed that IM is a region of an Einstein-Riemann space 
and hence the metric structure on 9M is assigned by solutions of the Einstein field 
equations 


Rap — '/2hthan = KT 4p. 


It is thus of interest to inquire into the conditions under which a momentum-energy 
tensor 7'4z exists such that MN admits an irrotational motion. Since 7'4, is deter- 
mined from the field equations if h4z is known, we may equivalently ask as to the 
hsp for which M admits an irrotational motion. 

Since ¢ ~ Oand V“ ¢ C', the field V4 is regular in N. Hence (see ref. 5), there 


exists a local coordinate system such that V4 = 6,“. (The symbol = will be used to 


denote evaluation in this coordinate system.) We thus have V4 = ho, and hoo = 
@. An easy calculation then yields 


2V 4-B a 2hota.B) + hap.o, 


where the comma is used to denote coordinate differentiation. We thus have 
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Qasp = hota ,B) 


W4B = hota.p) + (hotahejo.o + d,shz\o)o - (13) 

If the space IM is to admit a strongly irrotational motion, we must have hoj4,8) = 

0. It is thus evident that a necessary and sufficient condition for a region M of an 
Kinstein-Riemann space to admit a strongly irrotational motion is that there exist a 


coordinate system over M such that ho, = n,4. If this condition is satisfied, then 


V4 = 6,4 and ¢ = no. If Mis to admit a Fermi-irrotational motion, we must have 


Q = hota.) + (hotahpio.o + Ctahpjo)t : (14) 


for some nonzero sealar function ¢. Although the system (14) is more complex than 
hoia.z) = 0, it may be seen to constitute the complete set of integrability conditions 
for ho, = &n.4/n.o- Hence, a necessary and sufficient condition that a region M of an 
Kinstein-Riemann space admit a Fermi-irrotational motion is that there exist a co- 


ordinate system over M and a nonzero sealar ¢ such that ho, = &n.4/n.o. If this con- 
*. * 
dition is satisfied, then V4“ = 694 and $ = &. 
1 Lichnerowiez, A., Théories Relativistes de la Gravitation et de UElectromagnetisme (Paris: 
Masson et Cie., 1955), p. 78. 
* Synge, J. L., “Relativistic hydrodynamies,” Proc. Lond. Math. Soc., Ser. 11, 43, 376-415 (1937). 


3 Taub, A. H., “On circulation in relativistic hydrodynamics,” J. Rational Mech. Anal., 3, 312- 
324 (1959). 

‘Synge, J. L., Relativity: The General Theory (Amsterdam: North-Holland Publishing Co., 
1960), p. 172 ff. (It must be carefully noted that Synge uses a signature +2.) 

5 Goursat, F., Lecons sur le Probleme de Pfaff (Paris: Herman et Cie., 1922), p. 117. 


SOME ASPECTS OF THE FERMAT PROBLEM (FOURTH PAPER) 
By H. 8. VANpIVER* 
THE UNIVERSITY OF TEXAS 
Communicated March 11, 1963 


In three previous papers under the present title! the author considered various 
methods of attack in attempts to prove that 


x" + y" se 2” (1) 


is impossible where x, y, and 2 are nonzero rational integers if n is a given integer > 
2. In the present paper we shall discuss statements involving methods of attack on 
(1) as considered by A. L. Gelfond, who states in his book entitled Solutions of 
Equations in Integers? (translated from the Russian by Leo F’. Boron), page 61: 

At the present time, Fermat’s last theorem is proved for many n—in particular, for any n 
which is divisible by a prime less than 100. Fermat’s last theorem played a large role in the de- 
velopment of mathematics in view of the fact that the attempts to prove it resulted in the formu- 
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lation of ideal theory. But, in this connection, one must note that this same theory was con- 
structed, by a completely other means and for other reasons, by the renowned Russian mathe- 
matician Ye. I. Zolotaryov, who died in 1880 at the height of his scientific activities. At the present 
time, the proof of Fermat’s last theorem, especially a proof constructed on the considerations of 
the divisibility theory of numbers, can have only sporting interest. Of course, if this proof will be 
obtained by a new and fruitful method, then its significance, connected with the significance of 
the method itself, could be very great. One must note that present-day attempts by mathe- 
matics lovers to prove the Fermat theorem by completely elementary means are doomed to 
failure. Elementary considerations based on the theory of divisibility of integers were already 
used by Kummer and the subsequent development of them by the most prominent mathematicians 
has not yet yielded anything important. 

We shall now give the proof of Fermat’s theorem for the case n = 4 inasmuch as the method of 
infinite descent, on which this proof is based, is very interesting. 

Gelfond then gives the usual proof of the impossibility of (1) when we take n = 4. 

Now when a mathematician of the caliber of Gelfond makes assertions involving 
a mathematical subject, they definitely should be considered if the reader is also 
interested in the subject. It may be that some young mathematician who has 
great ability in connection with number theory but little acquaintance with the 
history of the Fermat problem will be steered away from it in view of such asser- 
tions. Hence, the present paper will be devoted to the examination of several of 
the statements Gelfond made in the quotation above so that the young mathema- 
tician will be in a better position to choose for himself. 

First, we shall examine the sentence included in the quotation which reads as 
follows: ‘One must note that present-day attempts by mathematics lovers to 
prove the Fermat theorem by completely elementary means are doomed to failure.”’ 
In my opinion, the statement is correct, but I have no idea how to prove it. 

Second, let us consider another statement quoted above: ‘At the present time, 
the proof of Fermat’s last theorem, especially a proof constructed on the considera- 
tions of the divisibility theory of numbers, can have only sporting interest.” In 
answer to this, I want to point out that any proof of the theorem, which did not 
involve directly consideration of the divisibility theory of numbers, I would regard 
as sensational, for every proof which has ever been obtained for the impossibility of 
(1) for any particular value greater than 7 involves said divisibility theory. Even 
in the case n = 4, the infinite descent employed in the usual proof, as given by Gelfond 
(loc. cit., pp. 61-65), involves the parity of certain integers which depend on x, y, and z. 
To illustrate this, the word “parity,” on page 63 alone, occurs six times. 

As is known, it is sufficient in attempts to prove the Fermat theorem, that 


aity'+2'=0, (1a) 


with / an odd prime, is impossible in nonzero integers. 

Now it would very possibly simplify the problem of finding a proof of the impos- 
sibility of (la) if such a proof existed and was independent of any ideas of divisi- 
bility. Elsewhere* I have indicated how difficult so many problems are in number 
theory which involve such ideas in their statements, and I have mentioned a num- 
ber of examples. (Two of the best known are the twin prime problem and the 
Goldbach conjecture.) Now the assertion concerning (la) involves the same idea 
since it is assumed that / is an odd prime. So it could happen, then, that no proof 
of the impossibility of (1) can exist without the use of deep arguments involving 
divisibility. 
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We shall now go into detail as to how many different ways the notion of divisi- 
bility, if you include divisibility of ideals, occurs in the arguments employed by 
Kummer and several of his successors,‘ to prove (1) impossible for particular ex- 
ponents /. In the first place, we shall consider (la) for the case where xz, y, z # 0 
(mod 1), usually called the first case of the Fermat statement. In this case, all 
published proofs, for special exponents > 7, involve considerably the manipulation 
of congruences, modulo /, or some power of (A) where X = (1 — ¢), where f isa 
primitive /th root of unity. 

As to the statement of Gelfond that, in effect, “the proof of fermat’s last theorem 
... ean have only sporting interest,” I do not know what “sporting interest’? means 
here. 

I agree with Gelfond when he makes the following statement: ‘‘We shall now 
give the proof of Fermat’s theorem for the case n = 4 inasmuch as the method of 
infinite descent, on which this proof is based, is very interesting.”’ In the case 
where one of the integers in (1), say 2, is divisible by /, which is known as the second 
case of the theorem, all the known proofs of the impossibility of (la) for special 
exponents > 7 depend on the use of a method of descent. In view of this situation 
we shall now indicate the character of some of the known different methods of 
descent with which I happen to be familiar. With one exception, all of such methods 
discovered have been involved in connection with proofs of the second case of the 
lermat theorem for certain types of exponents. It will also be noted that all these 
methods involve the use of congruences and divisibility ideas. All the steps neces- 
sary to prove the stated relations will not be shown but may be found in references 


cited. Incidentally, our account will contain to some extent the history of the 
work done since 1946, toward proving (1a) is impossible for special exponents, when 
the writer published an expository paper on the history of Fermat’s last theorem.° 
The first example we shall give of the infinite descent method® comes up in con- 
nection with Kummer’s proof of 
THEOREM 1.’ Relation (la) is impossible in nonzero integers when Ll is a given 


regular prime. 

A regular prime is defined as follows: If B, Bs, ...are the Bernoulli numbers, 
B, = '/¢, Be = '/30, ete., and if By, Bo, ..., Ba, l > 3, d = (l—3)/2, expressed in 
their lowest terms have numerators prime to /, then the prime / is said to be regular, 
otherwise irregular. The prime 3 is also said to be regular. 

To prove the second case of Theorem 1 Kummer considers the equation 

a! + B' = pr™y!; (2) 
where a, 8, and y are rational integers prime each to each; (1—¢) = (A); where 
K(¢) indicates the field formed by ¢, a primitive root v of v' = 1; uw is a unit in that 
field, m > 0, and a, 8, and y are prime each to each and to (1—¢). If we are able 
to show that the relation (2) is impossible, then (1a) also is impossible in Case II. 
It may be proved easily that (2) is impossible form = 1. For m > 1, since K(£) is 
a regular field, we can show that 

a+ B= »aA™ eg 
a+ ¢B = vay’, 


a+ °°8 = wr’, 
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where vp, v1, and vg are units in K(f), and a, ¢, and y are integers in that field, and 
the ideals (a), (y:), and (@) are prime each to each. Then elimination of @ and 8 
from these three relations gives an equation which may be put in the form 


ay’ + 1g! = 7," Day! (3a) 


where 7 and 7 are units in K(¢). Beeause A(¢) is regular, and using (3a), it may 
be shown that 7 = £' where £ is a unit in K(¢>. Setting & = 8; in the last relation, 
we obtain 

a’ + B,' = 7" Vin! (4) 


Proceeding with this equation as we did when our first equation involved @ and 8, 
after m—1 of these steps we find, if a@—1, 8n—1, Ym—1, aNd T,—; are defined similarly 


to a, 81, y1, and 74, 


I I _ 8 f 
Am + Bw ; = Te iA Y m~ly (5) 


which we have already noted is impossible. 

The next case of infinite descent we shall discuss, somewhat different from the 
above, was brought out in 1857 in a paper by Kummer,’ who gave the result that 
(1a) is impossible under three assumptions, as follows: 

THEOREM 2. 1. The first factor of the class number of k(¢) ts divisible by lL but not 
by LP. 

2. If B, =0 (mod 1), n < (l—1)/2, there exists an ideal in k(¢) with respect to 
which as a modulus the unit 


is not congruent to the Ith power of an integer in k(¢). Here e(¢"") is defined as in (5a). 
3. The Bernoulli number B,,, is not divisible by LP. 
Here 


(l—3)/2 
, ’ . 2 
BAG) = Jc. IE res 
i=0 


where k, = (2 — ¢~"2 and e; = ki+1/ hk; with ra primitive root of 1. 


The reader will observe that the first and third assumptions of Kummer involve 
the divisibility of certain rational integers, and the second assumption involves 
congruences containing ideals in the algebraic field. Such congruences, of course, 
are generalizations of congruences involving rational integers, and each of the latter 
can always be stated, as all of these may be replaced by the statement that a certain 
rational integer is divisible by a certain other rational integer. 

Kummer employed the method of infinite descent in the proof of Theorem 2 for 
the Second Case of the Fermat problem. The difference between the descent 
employed® in the proof of Theorem 2 is that it is infinite and not finite as in the 
proof of Theorem 1 and consists in isolating a principal ideal, not a unit, which the 
argument shows has an unlimited number of prime ideal factors, which is obviously 
impossible. 

In 1929 the writer proved the following result :* 
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ToeoreM 3. Under the following assumption: None of the units E,, a = a, ao, 
. 2. As, ts congruent lo the lth power of an integer in the field k(¢), modulo p, where » 
is a prime ideal divisor of (p), p is a prime < (l?—1) of the form 1 (mod 1), and ay, de, 
..., ds are the indices in the Bernoulli numbers in the set 


B,, B,, sey Bye 3)/2) 


which are divisible by l; the relation (1a) is impossible in nonzero rational integers. 

It will be seen from the statement of this theorem that the three assumptions 
given by Kummer in Theorem 2 have been reduced to essentially one. 

We shall not give any details of the proof of this theorem except to note that the type 
of infinite descent used yielded a set of trinomial relations, and in one term of each of 
these there was the rational prime factor referred to in the statement of Theorem 3, so 
the idea of divisibility plays a very prominent part throughout the demonstration. 

In 1932 the writer!’ proved a certain extension of Theorem 1, as follows: 

THEOREM 4. The relation 


a’ + B'+ ny' = 0 (6) 


is impossible for integers, a, 8B, and y in the field k(¢ + ¢~") prime to each other and 
none zero; n being a given unit in this field and l a given regular prime. 

The relation (6) was treated in such a way that infinite descent was employed 
where a, 8, and y were each prime to (1 — £), as well as the case where one of these 
algebraic integers was divisible by (1 — ¢). Here the descent was a little more 
complicated than in the cases already discussed in detail. It was necessary to carry 
out two eliminations, each involving three algebraic numbers, in order to make 
clear each step in the descent. 

In 1936 the writer obtained!! 

THEOREM 5. The equation 


l = 
ui+y' =cz, (7) 
where c is a given integer prime to the regular prime | > 3 and containing only prime 
factors belonging to even exponents, modulo 1, is impossible in nonzero integers, x, ¥, 
and 2, provided 
c'-! # 1 (mod /’), 
and 
2'-! ¥ ¢'-! (mod /”). 


The proof of this theorem was divided into three parts, and in one of these, namely, 
when z = 0 (mod /), the method of infinite descent was again used. 

In 1954 D. H. Lehmer, Emma Lehmer, and the writer attacked a problem of 
proving the Fermat theorem for special exponents by means of a rapid computing 
machine. To effect this, they found it convenient to use a transformation!? of 
Theorem 3 as follows: 

THEOREM 3a. Let Q, be defined as above, and let 


Se ee 


be the only Bernoulli numbers, with indices less than (lL—1)/2 which are divisible by I 


Then if 
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(*,, # 1 (mod p) (8) 


holds for i = 1, 2,..., 8, Fermat’s Last Theorem holds for the exponent l. The sym- 
bols used here are defined as follows: let ¢ be any integer such that t* # 1 (mod p) 
where p is a prime of the form p = kl + 1<l — 1. Also, Q, is defined as 


“ 
Q, ee t~*d 2 Il ct <2 tee: (9) 


d a 
where nh» = (l—1)/2, and 
ga }-*47" +...¢0™. 

We now note that Theorem 3a involves rational integers only and is stated entirely 
in terms of divisihility properties of rational integers. Theorem 3 was transformed 
into Theorem 3a so that computation might be carried out more expeditiously on 
a rapid computing machine. Employing these means, together with Theorem 1, in 
three papers, D. H. Lehmer, Emma Lehmer, C. A. Nicol, John Selfridge, and the 
writer proved!® that (1) is impossible for all nonzero rational integers x, y, and 2 
with n an integer, 2 <n < 4002. In 1949 E. Inkeri had extended'* Theorem 3 
so that the expression /?—/ in the latter may be replaced by */2(/?—1); however, this 
generalization was not found necessary in proving the theorem for the exponents in 
the Fermat relation when n < 4002 in (1). 

Since 1929, in any case where the relation (1) was proved to be impossible, it was 
found sufficient to use Theorems 1 and 3, or the equivalent of the latter, 3a. On 
the other hand, this would not have been possible using Kummer’s Theorems 1 and 
2 because his first assumption in Theorem 2 does not hold for all primes less than 
4002; in fact, there are 20 primes in this category. The first one is 157, and it was 
discovered by Kummer himself. On the other hand, Theorem 3, as far as I know, has 
never failed to yield a proof that (1a) is impossible for any prime exponent to which the 
criterion was applied. 

We shall now give another example of how far we can go by considering the fol- 
lowing theorem of Furtwangler:'* 

THEOREM 5. J[f (1a) is satisfied, where x, y, and z are integers prime to each other, 
then for | an odd prime 


— | 
oe = 0 (mod J), (10) 


where r is any factor of x if x is prime to land similarly for y and z. Also, the relation 
(10) holds if r ts a factor of « + y, provided x? — y? ts prime to l. 

Furt vangler obtained a simple proof of this by using what is called Eisenstein’s 
Law of Reciprocity in the theory of cyclotomic fields. From this it is easy to show 
that if the relation (1a) is satisfied, then 

2a-1—]}] g-—] 
l ng l 
when x, y, and z are prime" tol. There is no value of 1 < 200,000 for which these 
relations hold, as ascertained by Erna H. Pearson in an article which is to appear 
in the April 1963 issue of Mathematics of Computation. The result shows how very 
stringent criteria can be obtained by using the divisibility properties of only the 
five integers x, y, and zand x + yin (la). 





= 0 (mod J), 
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In conclusion, the writer wishes to point out that Gelfond is not the only mathe- 
matician who has made remarks about the character of a possible proof of the 
impossibility of (la) and related questions which were at least questionable. In 
1816 the Paris Academy proposed the problem of proving or disproving the Fermat 
statement, and Olbers called Gauss’s attention to this. In reply, Gauss wrote 
Olbers as follows: “I am very much obliged for your news concerning the Paris 
prize. But I confess that Fermat’s Theorem as an isolated proposition has very 
little interest for me, because I could easily lay down a multitude of such proposi- 
tions, which one could neither prove nor dispose of.”'® On the other hand, if Gauss 
had attacked the theorem at that time, he might have developed the theory of 
cyclotomic fields and invented the concept of ideals instead of Kummer. In fact, 
he might have proved the theorem. That being the case, who knows what a proof 
of the Fermat problem would lead to in mathematics if it were proved at the 
present time? For example, it might attract so much attention with mathema- 
ticians that a number of other proofs would be given later, which would perhaps 
lead virtually to a new theory of some kind, including such matters. An example 
of this may be pointed out in mathematical history. Think of the mathematics 
that has been developed starting with Hermite’s proof that e is transcendental! 
This led to a proof by Lindemann that 7 is transcendental; and this further led to 
other things, including Gelfond’s proof (1934) that a’, where a # 0, 1, b # 0, and 
both a and 6b are algebraic and 6 irrational, is transcendental. 

Concerning the latter, Hilbert" once stated that “he felt that the enormous 
effort which had been devoted to algebraic number theory, and the many striking 
results which had been obtained, would surely result in a proof or disproof of 
Fermat’s last theorem.”’ This remark was made at least thirty years ago. 

In my third 1961 article on the Fermat problem (see ref. 1, p. 1836), I state, “I 
am now definitely of the opinion that Fermat’s statement involving equation (1) is 
entirely correct.” This, of course, is another questionable opinion, since it could 
turn out that I was wrong! 

* The work on this paper was supported by NSF grant 16995. 

! These PROCEEDINGS, 47, 202-209, 585-590, 1831-1838 (1961). 

2 Published by P. Noordhoff, Ltd., Groningen, The Netherlands, 1960. The original Russian 
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3 “Divisibility problems in number theory,”’ Scripta Mathematica, 21, 15-19 (1955). 

‘Kummer, E. E., Jour. fiir Math., 40, 93-138 (1850) and Jour. de Math., 16, 454-490 (1851); 
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6 Actually, the proof we have given here is one of finite descent, but later on we state several 
theorems whose known proofs actually involve an infinite descent in the steps taken. However, 
they can be put in another form so that the descent is finite. But the term “‘infinite descent” has 
been used so much in connection with arguments of this kind that we shall retain it here. 

7 Kummer, E. E., ibid., ref. 4. 

8’ Kummer, E. E., Abh. Akad. Wiss. Berlin (1857, 1858), 41-74. 

9 “On Fermat’s last theorem,’’ Trans. Amer. Math. Soc., 31, 613-642 (1929). 

1 “On the method of infinite descent in connection with Fermat’s last theorem for regular 
prime exponents,’ Commentarii Mathematict Helvetici, 4, 1-8 

11 “On trinomial diophantine equations connected with the Fermat relation,’’ Monatshefte fiir 
Mathematik und Physik, 43, 317-320. 

2 “An application of high-speed computing to Fermat’s last theorem,” these PROCEEDINGS, 40, 
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13 Jbid., ref. 11; “Examination of methods of attack on the second case of Fermat’s last the- 
orem,” these PROCEEDINGS, 40, 732-735 (1954); Selfridge, J. L., C. A. Nicol, and V., “Proof of 
Fermat’s last theorem for all prime exponents less than 4002,”’ these ProcrEepinas, 41, 970-973 
(1955). 

14 Sitz. Akad. Wiss. Wien, 121, Ila, 589-592 (1912). 

15 In one of the author’s previously published papers (F. L. T. paper no. 3 in ref. 1), the author 
considered the equation, 

(x6 + yet y) =u! (A) 
and examined the possibilities of this having solutions with z, y, and u co-prime integers without 
employing the relation 


zrt+y=vu. (B) 


Of course if both of these relations can be satisfied in nonzero integers, then relation (la) of the 
present paper is satisfied. In our paper just referred to, it was snown that when / = 3, the relation 
(A) has solutions when y = 0 (mod /*).. However, it has turned out in various investigations when 
zx, y, and z are each prime to /, that when criteria have been obtained for the solution of (1a), the 
case | = 3 would be an exception to the criteria found. There is a very good reason. Relation 
(A) also has solutions with z and y prime to / and lryu| ~ 1. In fact, 


Z= —C? + 3e° — «1° 
y —Co? + 3ec:? — «13 
in (A). As a particular example, it may be verified that with c. = 4, ¢. = 1, we obtain 
(17)? — 53.17 + (53)? = 133. 


This result might be known. (Cf. references given by Vandiver, these PRocEEDINGS, 46, 550 
(1960)). 

16 Bell, E. T., Men of Mathematics (New York: Simon and Schuster, 1937), p. 238. 

17 Bellman, Richard, A Collection -of Modern Mathematical Classics (New York: Dover Pub- 
lications, Inc., 1961), p. 1 


THE VIRIAL THEOREM IN GENERAL RELATIVITY IN THE 
POST-NEWTONIAN APPROXIMATION* 
By S. CHANDRASEKHAR AND G. ContToPOULOST 
UNIVERSITY OF CHICAGO 
Communicated March 13, 1963 
. Introduction.—It is a well-known theorem in classical mechanics that, in a 
Pte consisting of point masses interacting with each other according to New- 
ton’s law of gravitation, the kinetic and the potential energies of the system, when 
averaged over a sufficiently long interval of time, tend to be in the ratio 2:-1, 
provided the motion is such that the particles remain, forever, in a finite part of 
the phase space. The origin of this theorem is the relation 
mm’ 
> de 2m |x = Emit — | G pape (1) 


m’ ix— x’ 


which follows readily from the Newtonian equations of motion, 
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In equation (1), x denotes the coordinate of a typical particle, m its mass, u 
the magnitude of its velocity u, and G is the constant of gravitation. Further, in 
equation (1) and in the sequel, the single summations (over m) are over all par- 
ticles in the system and the double summations (over m and m’) are over all pairs 
of particles. 

A more general tensor form of equation (1) is! 


1 d? d 
> MX, xt; = bs MU; 
dt; 


2 at? 5. 
i—24')(2j—Ty') 


, 


] 
= DY mu; — -@ > & mm’ a 
m 


- m m’ 


\x—x’|? 


equation (1) is the contracted version of this equation. 
In terms of the tensor-potential* 
> m’ (1, — 2,')(t; — 2;') 


MN == G j "13 
jx—x’| 


~ ij 
™m 


we can define the potential-energy tensor 
It I Ss NN 
Ww, = >= m iss 
- m 


and equation (2) can be written in the form 
d 
> mu; x; = 25, + By, 
ae 
where 
1 
Cy = = YS muy; 
aad m 


is the energy-momentum tensor. 
If the motions are confined, forever, to a finite part of the phase space, then 
equation (5), when averaged over a sufficiently long interval of time 7’, leads to the 

result 
1 


2< Ti; >+t < Wi; > = limit T 
T-+2 


r 
Pe mur, = 0, (7) 
m 0 


where the angular brackets signify that the quantity enclosed has been averaged 
over atime 7'—> ~. 

Extensions of the theorem we have enunciated to continuous distributions of 
matter which are subject to material pressure, and other forces and fields (such 
as centrifugal and Coriolis forces and magnetic fields) are known and have been 
used.* In this paper we shall be concerned with the generalization of equations (5) 
and (7) to general relativity in the framework of the post-Newtonian approxima- 
tion of Einstein, Infeld, and Hoffmann. 

2. The equations of motion in the post-Newtonian approximation; the energy and 
the momentum integrals.—The theory of Einstein, Infeld, and Hoffmann is set out 
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in detail by Infeld and Plebanski in their recent book' Motion and Relativity; 
a briefer account of the essential elements of the theory is given by Landau and 
Lifshitz’ in their Classical Theory of Fields (chap. 11, § 105). 

The principal result of the Einstein-Infeld-Hoffmann theory is the derivation of 
a Lagrangian ZL in terms of which the post-Newtonian equations of motion of a 
system of point masses can be written down. The Lagrangian in question is 
(Infeld and Plebanski, loc. cit., p. 112, eq. (3.3.37) and Landau and Lifshitz, loc. 
cit., p. 372) 
L= 2 YS mu? (1 + : - + = i 
im ; 


c* c* 


G 1 ee — x,/)u,' (a, — 27’) 
mere > > mm'| 7 Oe 
4c? m’ te ; 


o x’| ix — x’|3 


' 


/ 
mm 


oe (? mm'm" 
+2G22) ers Fe ee 7] 
« m m’ |X | C* m m’ m” |X 


—x| 2 — x’| |x-—x’"|, 

where, in the triple summation in the last term, the only restriction is that neither 
m’ nor m” can be the same as m; in particular, the possible identity of m’ and m” 
is not excluded. Also, in equation (8), c denotes the velocity of light. An alternative 
form of L which is sometimes useful is 


1 i u? 
L = SE me (1 + 7 


ce 


, 
mm 


G 
-2-y> 
C~ m 


, Y 
u-u CG O° 
|  — — YY mm’ uu,’ 
m' |X —&X 4c? m m’ a) 


though this form can be misleading when differentiating with respect to the co- 
ordinates of a particular particle (if account is not taken of the fact that B and W 
are, themselves, defined as sums over the different particles and pairs of particles, 
respectively). 

In terms of L, the equations of motion, as usual, are given by 
dp; oL 
p, = and = : 
dt Ox, 
With L given by equation (8), we find 


u? : 7Gm mu,’ 
pi = MU; (1 + +-—B8)- ae ; 


——" ‘ 0.5 | 
2c? 2c ew 1k — x| 


Gm a? (x; — a,/)u,'(x, — 2x7’) 
mn ——_-———_— 
= Ix — x’|? 


2c? 


OL 3 
= — Gm > m’ [ 4 (u2 + uu’) — = u-u’ 
“- Qe? 2c? 


On; 
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3G'm , Un(Le — Le')uy' (x, — 2’) a — 2,’ 
+ Det > m 


| fie rig 
m’ =P 2 Seal di 


Gm , (Uity” + Uys’) (te — 2’) 
Qe? x — x/' 


Gm l 1 Ly 2, 
+ 9 } Fy m'm" [ ” v , 1 - 3° 
e: oo ae jx — x" | jx’ —-= jz — x’? 
In equations (11) and (12) the summations over m’ and over m’ and m” are re- 
stricted only by the requirement that the terms which give rise to singularities are 
to be omitted. 
The equations of motion derived from a Lagrangian L, in the manner (10), will 
naturally allow the energy integral 
E= D> pa — L. (13) 
m 
Using equations (8), (11), and (12), we find (ef. Infeld and Plebanski, loc. cit., p. 114, 
eq. [3.4.3] ) 


1 : 
E = Z mu? (; + 
(14) 


7G mm'u:u’ G » U(te — ty’ )uy’ (a, — 2’) 
— pe ae ; yd mm ; . 


9 | aby tk 2 i3 
4c m m’ |x a | Ac m m’ x — xX | 


The constancy of the total momentum, 


u2 G (a; — xy')u;'(x, — 2’) 
P, = Sp = YS mu, (1 wo a3 ae pe eae 
m c* c <e° 


- m m’ iano x’|? 
(15) 


l ” , 1 + 
> mu,}| 1+ re (u2— B)|- — > mu, Bir, 
02 
m 


2 2c? 


follows from the manifest validity of 
OL 
=0 
2 Ox; 


Since (as can be readily verified) 
d 1 
P, = — D0 mz, | 1 + = (vw? — 8) |, 
dt “n 2c? 
the uniform motion of the center of gravitational mass, defined by 


1 
Constant X X; = >> mz, [1 en P< 8) | (18) 
2c? 


m 


follows at the same time (cf. Infeld and Plebanski, loc. cit., p. 116, eqs. [3.4.9] and 
[3.4.10] ). 
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3. The conservation of the angular momentum and the virial theorem.—Consider the 
virial 


= > Pit) 


m 


1 7G 
> MU jx; (1 7 a uw 2 w) 5 = ae ee 


m’ Ix yom x’ |? 


, , 
mm! Uy x; 


- 


G , uy (a, — ay’) (a, — 2,2; 
= > dX mm i ; 
<C” im m’ |X , 
The time derivative of the virial is given by 
OL 
=2 pity + Xa. 2; = Qi (say). (20) 


On evaluating Q,; with the aid of equations (11) and (12), we find, after some rear- 
rangements, 


9 
»” 


1 1 
Quy = i“; l rane s) + 88, - -ym 
m Cc“ c* c* m 
1 (z, — x’) (a; — 2') 
jx — x’|? 


Ul 
— X ) 
— "3 Ee — x;/) + u(x; — 2;') 


3 (x; — 2,')(a; — 2;') . 
oe le Malte — 21) : 


The tensor Q,; is manifestly symmetric ini andj. Hence, 
tf 
, > (pa; — pts) = 0; 
m 


and this equation represents no more than the conservation of angular momentum 
which obtains in this post-Newtonian approximation (cf. Infeld and Plebanski, 
loc. cit., eq. [3.4.8] ). 

On the other hand, since Q;; is the time derivative of the virial V;.;, it follows that 
its average, taken over a sufficiently long interval of time, will vanish, provided the 
motions are such that they are always confined to a finite part of the phase space; 
thus, on this last assumption 


<Q,,> = 0. (23) 


Equation (23) provides the required generalization of equation (7) to the post- 
Newtonian approximation; as such, it represents the statement of the virial theorem 
in that approximation. 

The contracted version of equation (23) is particularly simple; for 





Vou. 49, 1963 PHYSIOLOGY: BERSON ET AL. 


! 1 
Qu = Li mut (1 +i e+ = 8) + B+ =D mv 
m Cc a 


2c? 2c? 


-& Un (tye — 2y’)uy' (x 


G 
=e 3 mm'u- u’ 7 ks > winaisl ! & 


x — x’ | x— x}? 


and, by comparison with the energy integral (14), we may now write 


l 1 l 
<Qu> = E+ = < >» mus > + Po < =. m (; ut + x) >it @ 
- m oC” = 


Equation (25) differs from the Newtonian form only by the addition of the last 
term 


* The research reported in this paper has, in part, been supported by the Office of Naval Re- 
search under contract Nonr-2121(24) with the University of Chicago. 

t On leave of absence from the Astronomical Department, University of Thessaloniki, Greece. 
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IMMUNOASSAY OF BOVINE AND HUMAN PARATHYROID 
HORMONE 


By Sotomon A. Brerson,* Rosatyn 8S. YALtow,* G. D. AURBACH,T AND 
? 2 
Joun T. Ports, Jr. 


BRONX VETERANS HOSPITAL AND THE NATIONAL INSTITUTES OF HEALTH 
Communicated by E. B. Astwood, March 25, 1963 


Certain protein hormones in plasma have been assayed by sensitive immunologic 
techniques that exploit the ability of endogenous plasma hormone to inhibit, 
competitively, the binding of I'*!-labeled hormone to specific antibody. Originally 
employed for measurement of insulin,'~* this method of immunoassay has also 
been applied to the determination of glucagon‘ and growth hormone®~’ in plasma. 
Since there has not heretofore been available any method for the assay of the minute 
quantities of parathyroid hormone (Pth) in human blood, the adaptation of im- 
munologic techniques to the assay of Pth in the uug-mug range is herein reported. 
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Methods.—Pth was prepared from bovine parathyroid glands and an excised human parathyroid 
adenoma by extraction with phenol’ or urea.’ Bovine parathyroid extracts were bioassayed by a 
modification” of the method of Munson.!! The quantity of human parathyroid hormone (hPth) 
available was insuflicient for biologic assay. Tentatively, the potency of hPth preparations was 
estimated by assuming that similar extraction techniques yielded equivalent amounts of bovine 
parathyroid hormone (bPth) and hPth per gram of tissue. 

A highly purified preparation of bPth (No. 117) that assayed 3,000 U/mg was used as primary 
standard. The purity of this preparation has been assessed by several independent methods. 
Dinitrophenylation yielded only DNP-alanine (90°, theoretical yield on the basis of assumed 
molecular weight ).!2. The sedimentation pattern obtained with a synthetic boundary cell in the 
analytical centrifuge revealed a single symmetrical peak.'’ A more sensitive test, analysis at 
sedimentation equilibrium with Rayleigh interference optics," gave a theoretical linear plot for 
In C as a function of x*,'’ thus satisfying the criteria for a homogeneous substance.'! A single 
narrow band was found after electrophoresis of the hormone on starch gel in 8 M urea.” 

BPth No. 117 was labeled with I'*! at specific activities of 200-700 mc/mg according to the 
method of Hunter and Greenwood" and freed of iodide"! and damaged components on a cellulose 
column as described previously for insulin-I'5'.8 The partition coefficients of labeled (purified ) 
and unlabeled bPth in butanol-acetic acid systems were the same (Table 1). 


TABLE 1 
FRACTION OF PARATHYROID HORMONE IN BUTANOL SUPERNATANT 
Unlabeled Pth Pth-[)3) 


Butanol: 20°% acetic acid <0.07 0.08 
Butanol: 20°; acetic acid - 3°% NaCl 0.46 0.46 


Two to 5 mg of a crude extract of bPth (190 U/mg) was dissolved in acidified water and injected 
subcutaneously, as such, or suspended in complete Freund’s adjuvant, into guinea pigs and rabbits 
at intervals of 2-4 weeks. Pth-binding antibodies were present in all immunized animals given a 
total of less than 2,000 U in two injections. When present in low concentration, Pth antibodies 
are readily detected by paper electrophoresis of mixtures of Pth-I'*! and antiserum, as described 
previously for insulin antibodies.'* In control (i.e., nonimmune) serum or plasma, Pth-I!*! 
remains adsorbed to the paper at the site of application (‘‘origin’’), whereas in guinea pig anti- 
serums, the Pth-I'*! is bound to antibody and migrates with the inter 8-y globulins (Fig. 1). In 
rabbit antiserums, the Pth-antibody complexes migrate with the y globulins. 


Cae 


bPth-I'S! In PLASMA OF IMMUNIZED GUINEA PIG 


Fic. 1.—Paper strip electrophoresis of plasmas containing 
I'5!-labeled bovine parathyroid hormone (bPth-I'*'). Radio- 
autographs are shown below the corresponding stained strips. 
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Antibodies were detectable about two weeks after the second injection in all guinea pig anti- 
serums diluted 1: 100 to 1:5,000, and “titers’’ increased significantly after further immunization. 
The more potent antiserums, when tested in low dilution, consistently precipitated added bPth and 
bPth-I"*!, and significantly neutralized the capacity of pure bPth to increase serum calcium in 
parathyroidectomized rats. Plasmas from nonimmunized animals did not precipitate the hor- 
mone and were without inhibitory effect on the hormonal activity of pure bPth. 

Mixtures of parathyroid hormone and antiserum were prepared to contain the same concen- 
trations of Pth-I'*! and antiserum but variable concentrations of pure bPth No. 117, crude ex- 
tracts of bovine parathyroid glands, or extracts of the human parathyroid adenoma. After 
incubation of mixtures at 4°C for 3 days, 100-200 ul samples were applied to strips of Whatman 
3 MM filter paper for hydrodynamic flow chromatoelectrophoresis.*. '* This procedure effects a 
rapid separation of unbound (F, “‘free’’) Pth-I'*!, which remains at the origin, from antibody- 
bound Pth-I'*! (B), which migrates with all the serum proteins, en bloc. After drying, the strips 
were assayed for radioactivity in an automatic strip counter. The ratio, B/F, falls progressively 
with increase in the concentration of unlabeled Pth (Fig. 2) in consequence of the competitive 
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Fig. 2.—Pth-antiserum mixtures, containing identical concentra- 
tions of bPth-I'*! and antiserum but different concentrations of un- 
labeled bPth or hPth, were subjected to hydrodynamic flow chro- 
matoelectrophoresis on strips of Whatman 3 MM filter paper. The 
strips were then scanned for radioactivity in an automatic strip 
counter. Representative scans are shown on left for several mix- 
tures containing bPth or hPth. Areas under the peaks of antibody- 
bound (B) and free (F) bPth-I'*! were determined with a planimeter 
to provide the curves shown in the right lower corner of the figure. 
Also shown (upper right) are scans obtained from mixtures prepared 
in the same way but containing plasma without added parathyroid 
hormone. 


inhibition provided by the latter. Pth in an unknown solution may be determined from the B/F 
ratio in a mixture prepared identically (but containing the unknown solution instead of the 
standard Pth) by comparison with the curve of B/F versus Pth concentration in standard solutions 
(Fig. 2). 
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Resulis.—Three crude preparations of bPth were assayed immunologically, 
using the pure bPth No. 117 as standard. When tested over a range of hormone 
concentrations, expressed in biologic units (mU/ml), the crude extracts differed 
from the pure bPth generally by less than 50-60 per cent in their capacity to inhibit 
binding of Pth-I'*!, even though the extent of purification varied almost 300-fold 

among the four different bPth preparations 
sais (Vig. 3). Thus, immunoassay gave results for 
120,000 OLUTION OF anriserum = all preparations in good agreement with results 
bm BIOASSAY of bioassay. 

oo 7? 300O0Wmg (2500-4000) sa . . 
a bS. Same Bees Comparison of the curves obtained with 
&—-—410-I5 460 um (200-600) unlabeled bPth and hPth competing against 
the binding of bPth-I'*! in a guinea pig anti 
serum (lig. 2) reveals differences that are read- 
ily explained if some of the antibodies are 
directed against antigenic components of bPth 
that are, at least partly, species-specific. 
Nevertheless, the human hormone reacts mod- 

Fic. 3.—Ratio of antibody-bound °™tely well in this antiserum, a definite decrease 
bPth-I'*! (B) to free bPth-I''(F)asa in the B/F ratio being evident at 1.5-6 mU/- 
NP tl a perrat heen cated tPeled ml (250-1,000 uug/ml). Since 100 ul of mixture 

or less suffices for these determinations, abso- 
lute amounts of hPth in the range of 0.15-0.6 mU (25-100 uug) are detectable 
with this antiserum. It is anticipated that the sensitivity can be increased at least 
5-10-fold with a proper selection from a greater number of antiserums. Absolute 
values of hPth reported here are, of course, subject to modification when sufficient 
amounts of human parathyroid hormone become available to permit either bioas- 
say or the preparation of highly purified hPth. 

In preliminary experiments, we have repeatedly detected endogenous parathyroid 
hormone in plasma samples obtained from two subjects with hyperparathyroidism 
(surgically proved parathyroid tumors) but not in plasma obtained from nine sub- 
jects with hypoparathyroidism (lig. 2). In random samples obtained from subjects 
without known parathyroid disease, parathyroid hormone frequently appeared 
to be present at lower concentrations than were found in hyperparathyroid subjects 
and in the range, 10~!'-10-"M (M.W. = 10,000; 3,000 U/mg). However, since 
collection of these samples was not standardized with respect to recent ingestion 
of food or other conditions, interpretation of the significance of the plasma con- 
centrations observed must await well-controlled investigations. 

Discussion.—Tashjian and co-workers" have recently reported antibodies to 
bovine parathyroid hormone in a rabbit immunized with over 30,000 units of a 
preparation containing approximately 20 per cent bPth but did not detect anti- 
bodies in two other rabbits injected with relatively crude preparations (immunizing 
doses not reported). Antibodies sufficient for the purposes described in the present 
study were uniformly produced in guinea pigs immunized with about 1,000—1,500 
units of a preparation containing approximately 6 per cent bPth. 

It is altogether likely that antibodies were formed to contaminating proteins 
in the crude parathyroid extract used for immunization. However, provided that 
the “test antigen”’ is purified to the extent that contaminating proteins are present 
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only in trace quantities, the method employed here is free from serious interference 
by antibodies to the nonhormonal proteins; since the labeled protein is prepared 
from highly purified hormone and behaves like the bulk of the unlabeled material 
in various physical and chemical systems, it is reasonable to conclude that the label 
is attached primarily to the hormone and not to contaminants. Other antibodies 
then do not influence the competitive inhibition of binding of I'*!-labeled hormone to 
specific antibody. Neutralization of hormonal activity by antiserum and dis- 
placement of antibody-bound bPth-I'*' by extracts of a human parathyroid 
adenoma and by human plasmas from subjects with hyperparathyroidism, but not 
by plasma from hypoparathyroid subjects, provide further evidence for the hormone 
specificity of the bPth-antibody reaction." 

Summary.—The principle of competitive inhibition of binding of I'*'-labeled 
parathyroid hormone to specific hormone antibodies is the basis for an assay of 
bovine and human parathyroid hormones in the wug-mug range. Immunoassay 
of crude preparations of bovine parathyroid hormone using a pure preparation as 
standard gave results in good agreement with those obtained by bioassay. Human 
parathyroid hormone extracted from a parathyroid adenoma reacted sufficiently 
well with guinea pig antibodies to bovine parathyroid hormone to be detectable 
at concentrations of 1.5-6 mU/ml (250-1,000 uug/ml). Endogenous parathyroid 
hormone was detected in plasma from two hyperparathyroid subjects and in 
plasma from some normal subjects but not in plasma from nine patients with 
hypoparathyroidism. 

* Radioisotope Service, Veterans Administration Hospital, Bronx 68, New York. 

T National Institute of Arthritis and Metabolic Diseases, Bethesda, Maryland. 

t National Heart Institute, Bethesda, Maryland. 
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GLIAL RNA CHANGES DURING A LEARNING 
EXPERIMENT IN RATS* 
By H. HypEn anp E. EGyuAzi 

INSTITUTE OF NEUROBIOLOGY, UNIVERSITY OF GOTEBORG, SWEDEN 


Communicated by Alfred E. Mirsky, March 13, 1963 


In a previous study using rats, nuclear RNA changes in neurons were found dur- 
ing the establishment of the complex motor and sensory task of learning to balance. 
In both the learning rats and in two types of controls an increase in the RNA con- 
tent per nerve cell indicated that the neurons had been stimulated,! but only in the 
learning rats was a net synthesis of nuclear RNA with an increased adenine to 


uracil ratio found. 
Previously it has been shown that the neuron and its neighboring glia are linked 
in an energetic system and it was suggested that they reacted as a functional unit ;?~4 


their biosynthesis of RNA is also linked.°: 

In the present study, during the same type of learning experiment in rats and 
using the neuronal glia of the vestibular Deiters’ nerve cells, the base ratio composi- 
tion of the glial RNA was analyzed by microelectrophoresis. The glial RNA 
responded with similar, although not identical, base ratio changes as was found 
in the nuclear RNA of the neurons. On the other hand, in further control experi- 
ments, although RNA synthesis increased, RNA with altered base ratio composition 
was not found, either in reticular nerve cells during learning, or in vestibular nerve 
cells, when the animals were passively stimulated. 

Material and Experimental Setup.—The type of learning experiment has been previously de- 
seribed.! Fifty-three white rats of the Sprague-Dawley strain weighing 150-160 gm were used. 
The rats were kept hungry on 4 gm of food daily and had free access to water. They had to learn 
how to balance on a 1 m long, 1.5 mm thick steel wire, set at 45°, in order to reach their food. 
Each experiment lasted about eight days. Every day the rats were allowed 45 min of training. 
It can be seen (Fig. 1) that the rats continued to learn until, by the fifth day, they succeeded in 
balancing the whole way to the platform. In a group of nine rats, the food was removed from the 
platform on the eighth day and the experiment prolonged for six days more. The decrement of 
the curve after food removal shows a decrease in four days below the first day level. 

The control consisted of rats of the same litter kept on the same diet as that of the learning 
animals. Of these, one group was subjected to rotatory stimulation back and forth through 120° 
horizontally and through 30° vertically.2. The loss in weight in the learning rats during the 8 days’ 
period was 16 + 1.3% and in the controls 15 + 1.5%, respectively. 

Another group of rats was subjected to rotatory stimulation through 120° along a vertical are. 
A wheel, 0.7 m in diameter, had a 0.18 m wide pathway made from a wire netting at its periphery. 
The animals thus had a good foothold when the wheel was moved. During the experiment the 
wheel was moved from 0 to 180° with the rat placed at the 0° position at the beginning. Each 
experiment lasted for 30 min with 10 turns/min, and the animal was then killed. 

In both the learning and the functional control rats, a significant increase of 70 wug of RNA per 
Deiters’ nerve cell was observed; this quantitative response of the nerve cells suggested that in 
both cases the neurons had been stimulated.': 2 In the case of the learning, the rats were active 
but in the functional control experiments passive. 

The Deiters’ nerve cells, as well as corresponding volumes of the surrounding glia, were taken 
out by microdissection.?- Approximately 2 X 10~ g of glia was used for each analysis. The large 
multipolar nerve cells and samples of the neuronal glia were taken from nucleus giganto-cellularis 
of the reticular formation, in the oral part of the nucleus, in order to have control from another part 
of the central nervous system, 
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The samples were treated with ice-cold 1 N perch! oric acid for 5 min, absolute ethanol for 5 min, 
and chloroform for 5 min. Some samples were taken from 70 uw thick sections through the vestib- 
ular nucleus which had been fixed with Carnoy’s solution. The tissue was treated with chloro- 
form, ether, ethanol, and hydrated in 0.01 M acetic acid. The amount of RNA per nerve cell was 
determined by extracting the RNA with a buffered solution of ribonuclease. The RNA in the cell 
extracts was determined in microdrops with a photographic-photometric method using a radiation 
at 2.570 A. Edstrom et al.§ have demonstrated that this assay of RNA is quantitative down to 20 
upg with a variation coefficient of +5%. 

Sampling and analyses of nerve cell nuclei: The modified procedure of Harris® allowed simul- 
taneous precipitation of the nuclear RNA and microdissection of the neuronal nuclei. The iso- 
lated nerve cells placed on a glass slide were briefly rinsed in cold isotonic NaCl solution, then 
treated with cold phenol-saturated water for 15 min, followed by cold absolute ethanol for 10 min, 
and then covered by paraffin oil (pro analyst). This treatment causes slight contraction of the 
nuclei just visible at a magnification of 600. The nucleus from each nerve cell was then removed 
with a glass needle on a de Fonbrune micromanipulator. Twenty-five nuclei were used for 
each RNA analysis of base ratios. 

The pooled RNA, approximately 700 pug, extracts from 25 nerve cell nuclei were used for purine- 
pyrimidine analysis.'"° The purines and pyrimidines were calculated as molar proportions in 
percentages of thesum. For 500 pug of RNA the error of the method was +5%. 

Results.—Base ratio composition of glial RNA of the Deiters’ nerve cells: (a) 
Control rats: As is seen from Table 1, the RNA of the glia immediately surrounding 
the neurons shows higher adenine and lower guanine values compared with that of 
the nerve cell RNA, with small variability. For the glia the (A + U)/(G + C) 
ratio is 0.80, (A + G)/(C + U) = 1.19, and A/U = 1.32. The purine-pyrimidine 
ratio agrees well with that of the nerve cell which is 1.18. 


TABLE 1 


CoMPOSITION OF DeEITERS’ NERVE CELL AND GLIAL RNA FROM ConTROL Rats 
(Base Ratios ExpressED AS MOLAR PROPORTIONS IN PER CENT OF THE SUM) 
Nerve Cells ~ Glia — P 
Mean V Mean V 
Adenine 20.5 + 0.54 5. 25.3 + 0.16 1 
Guanine 33.7 + 0.33 2.4 29.0 + 0.24 é. 
Cytosine 27.4 + 0.34 a. 26.5 + 0.43 3. 
Uracil IS.4 + 0.26 3. 19.2 + 0.27 3 
No. of animals 5 5 
No. of analyses 50 33 
V = variation coefficient, (S X 100) /mean. 


0.001 
0.001 


(b) Glial RNA in learning experiment: From Table 2 it can be seen that the 
adenine value has increased significantly (P = 0.001) to give an increased adenine /- 
uracil ratio compared to that of the control glial RNA, from 1.32 + 0.021 te 1.52 + 
0.037. The ratio (A + G)/(C + U) is 1.33, thus being higher than that of the 
nerve cell RNA of 1.18. A significant decrease in the cytosine value can also be 
seen. 


TABLE 2 
CoMPosiITION OF THE GLIAL RNA SURROUNDING DeEITERS’ NERVE CELLS FROM CoNnTROL Rats 
AND DURING LEARNING 

- Controls— =. - Learning-—— P 

Mean Vv Mean F 
Adenine 25.3 + 0.16 1. 28.3 + 0.45 3.§ 0.001 
Guanine 29.0 + 0.24 | 28.8 + 0.31 y 
Cytosine 26.5 + 0.48 
Uracil 19.2 + 0.27 


) 
9 ; 
3.7 24.3 + 0.36 3. 0.01 
3.1 18.6 + 0.21 2.8 

No. of animals 5 6 

No. of analyses 33 42 
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(ce) Glial RNA in functional controls with rotatory stimulation: No significant 
changes in the glial RNA base ratios occurred as a result of vestibular stimulation 


when the rats were passive (Table 3). 


TABLE 3 
COMPOSITION OF THE GLIAL RNA SURROUNDING Derrers’ NERVE CELLS FROM RATS SUBJECTED 
TO VESTIBULAR STIMULATION FOR 25 Min/Day AND Four Days 


--Controls— . Vestibular Stimulation- 
Mean V Mean 


Adenine 25.3 + 0.16 l 25.1 + 0.37 
Guanine 29.0 + 0.24 L.§ 28.6 + 0.50 
Cytosine 26.5 + 0.48 3. 27.4 + 0.22 
Uracil 19.2 + 0.27 3. 18.9 + 0.20 
No. of animals 5 4 
No. of analyses 33 22 


Some Other Control Experiments.—(a) Nuclear RNA of nerve cells belonging to the 
reticular formation in learning experiment: The Deiters’ nerve cells send thin collat- 
erals to the nerve cells of the reticular formation.!! On the other hand, the reticular 
formation is not primarily connected with the vestibular peripheral apparatus. An 
extension of the analyses to the reticular nerve cells would, therefore, at the same 
time provide a control of possible RNA changes occurring outside of the vestibular 
lateral area in the brain stem. 

The results in Table 4 demonstrate that a moderate increase in the amount of 
RNA per nerve cell occurred in the reticular nerve cells during the learning period 
as if they had also been stimulated. The question therefore arose whether nuclear 
RNA changes similar to those in the Deiters’ nerve cells also occurred in the 
reticular cells. 


TABLE 4 
Tue Amount oF RNA/NERVE CELL, THE RETICULAR FORMATION, OF RATS DURING LEARNING 
Controls Ist Day 2nd Day 3rd Day 4th Day 
pug RNA/cELL 544+ 18 515 + 21 564 + 24 568 + 24 590 + 19 


Number of analyses, 107. Number of animals, i1. 


As is seen from Table 5, no significant changes could be found in the base ratios 
of the nuclear RNA of the big nerve cells of the reticular formation. 


TABLE 5 


CoMPOSITION OF NUCLEAR RNA or NERVE CELLS OF THE RETICULAR FORMATION FROM CONTROL 
RATS AND DURING LEARNING 
—— —Controls———_——_—~ ————— Learning—— 
Mean V Mean 

Adenine 23.9 + 1.09 10.0 22.8 
Guanine 25.3 + 0.71 6.2 26.2 
Cytosine 28.9 + 0.89 6.9 29.7 
Uracil 21.9 + 0.36 a § 21. 
No. of nuclei 125 

No. of analyses 5 


No. of animals 5 


36 
57 
00 


nw 
~ i. i 
~— cot 
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(b) Nuclear RNA of Deiters’ nerve cells after vestibular stimulation: In the pre- 
vious paper on RNA in rat learning experiment, control rats were subjected to 
rotatory stimulation through 120° horizontally and 30° vertically for short times. 
Although increase in the amount of RNA/cell was found, no base ratio alteration 
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occurred. In this study we have extended these functional controls, using a simple 
rotation along a vertical curve. (See section on Methods.) This type of stimula- 
tion has been found to induce a 25 to 30 per cent increase of RNA in nerve cells 
belonging to the vestibular pathway within one hr.'? We analyzed therefore the 
nuclear RNA of the Deiters’ nerve cells of rats subjected to such stimulation for 
30 min. 

The analyses of these functional controls showed no significant changes in the 
nuclear RNA base ratios (Table 6). 


TABLE 6 
CoMPOSITION OF THE NUCLEAR RNA oF Detrers’ NERVE CELLS FROM RaTs SUBJECTED TO 
VESTIBULAR STIMULATION BY ROTATION VERTICALLY FOR 30 MINUTES 
Controls — — Rotatory Stimulation— 

Mean Vv Mean 
Adenine 22.9 + 0.28 ‘ 22.9 + 0.44 
Guanine 25.9 + 0.59 ; 24.6 + 0.53 
Cytosine 29.1 + 0.48 3.4 29.1 + 0.64 
Uracil 22.1 + 0.44 . 23.4 + 0.80 
No. of nuclei 150 225 
No. of analyses 6 9 
No. of animals 4 6 


(c) Duration of the nuclear RNA change in learning experiment: In two series of 
experiments the rats were returned on the eighth day to their cages and given an 
adequate amount of food. Twenty-four hours after stopping the experiment, 


no increased adenine /uracil value could be detected in the nuclear RNA. 

Discussion.—It seemed pertinent to explore further the question whether the 
nuclear RNA with increased adenine/uracil ratio formed during the learning ex- 
periment was specific, or if it reflected a physiological reaction from the neurons, due 
to increased demands on the neuronal function per se. Control experiments pre- 
sented in our previous paper were therefore extended further. 

A significant increase of RNA was found in the big nerve cells of the reticular 
formation during learning, but no alteration in the nuclear RNA base ratios. In 
extended functional controls using Deiters’ nerve cells and rotatory stimulation, the 
results were similar. RNA analyses have thus been performed on nerve cells be- 
longing to other parts of the brain than the vestibular nucleus during learning, and 
on Deiters’ nerve cells after vestibular stimulation. In all cases an increase of 
RNA/cell was found, but no production of nuclear RNA fractions with changed 
base ratios as was observed in the Deiters’ nerve cells, which are involved in estab- 
lishing the learned behavior. These latter functional controls have therefore ex- 
cluded the possibility that the nuclear RNA changes observed during learning were 
due to the increased neural function per se. 

The synthesis of the nuclear RNA with increased adenine /uracil ratio could not 
be observed 24 hr after stopping the experiment. This is on the decremental part 
of curve shown in Figure 1. From this coincidence it cannot be inferred, however. 
that a correlation has been shown between synthesis of specific nuclear RNA in 
neurons and a learning process. The decrement of the curve in Figure 1 shows 
simply a change of behavior. But it is more pertinent that a synthesis of a few 
thousand RNA molecules with extreme base ratios could occur in the nuclei with- 
out being detected by an analytical method with a sensitivity of 3 - 10-" gm. 
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Fic. 1.—Ordinate: Number of successful trips to the platform during the 45 min allotted each 
day for food intake, Dotted lines, distance along the wire in centimeters, that the rats were able 
to balance during the 45 min of training allotted per day. In the examples given, success (100 
cm) was obtained on the fifth day. After the eighth day the food was removed from the platform, 
but the rats were allowed 45 min food-seeking time each day. Slope of curves demonstrates the 
decreasing frequency and change of behavior, 


In the present study, the analyses demonstrated a formation of glial RNA with 
a significantly increased adenine /uracil ratio during the learning experiment. 

While in the nerve cell of learning rats, the cytoplasmic RNA showed quantitative 
but no base ratio changes, in the glia the bulk of the RNA showed changed base 
ratio composition. The explanation is probably that such changes will be obscured 
at the electrophoretic analysis by the great mass of the ribosomal RNA in the nerve 
cell (around 750 uwyg). The glial RNA, on the other hand, constitutes only ten 
per cent of the neuronal RNA. 

It does not seem surprising that the glial RNA should react at the same time as 
the neuronal RNA during such a primary physiological process since these two types 
of cells together compose a functional unit. This relationship has been demon- 
strated in a series of recent studies. On physiological stimulation there occur in- 
verse chemical changes in the nerve cell and its glia. The amount of RNA, pro- 
teins, and respiratory enzyme activities rise in the neuron and decrease in the 
glia.’ Kinetic studies revealed a difference in behavior between the two types of 
cells indicating a neuronal priority of energy utilization over the glia.* Inverse 
changes involving respiratory enzyme activity and anaerobic glycolytic activity 
gave further information about this mechanism. '* 

During development of the Parkinson syndrome, profound changes in RNA base 
ratios of the glia were found to precede in time similar changes of the nerve cells 
in globus pallidus. '4 

Therefore, the changes of the RNA base composition in both the neuron and its 
glia shown in this study demonstrate that the glia share with their neurons the capac- 
ity to house at least part of the chemical substrate utilized in learning. In this 
connection, it seems appropriate to remember that both neurons and glia are 
epithelial derivatives of the ectoderm, developing jointly from the primary cells 
lining the neural tube. 
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In the previous paper,' the evidence that the nuclear RNA fractions produced 
by the neurons in the learning experiment reflected an increased chromosomal ac- 
tivity was discussed. That gene sites in chromosomes of neurons can be induced to 
synthesize RNA in an acute learning situation in mammals, is no more surprising 
than that addition of galactose induces such gene activities in bacteria. The 
mechanism of learning and recall of stored information is securely anchored in 
the genome. The learning occurring during a life cycle by ‘change by use’’ is 
probably a superposition on the genetically stable mechanism of the central ner- 
vous system reflected in innate behavior. The production of RNA with specific 
base ratios concomitantly in both neurons and glia in our learning experiments 
could be considered as reflecting such a mechanism. 

It is possible that the glia and the glial RNA constitute the substrate for a short- 
term memory since the folded membranes of the glia would be well suited for very 
rapid processes. The neuron and its mass of RNA could then house the substrate 
of long-term memory. 

Previously, experiments were reported where interference with biosynthesis of 
brain RNA impaired learning in rats."° Recently, suppression of protein produc- 
tion by puromycin has been found to impair the ability of rats to remember learned 
behavior. '® 

Summary.—Purine-pyrimidine analyses were carried out on glial RNA imme- 
diately surrounding Deiters’ neurons from rats subjected to a learning experiment 
during which complicated motor and sensory behavior was established. The ade- 
nine /uracil ratio of the glial RNA increased significantly while the cytosine decreased. 

Nuclear RNA had previously been found to be formed in Deiters’ nerve cells 
during such learning experiments. Several types of control experiments were per- 
formed to exclude the possibility that the formation of RNA with highly specific 
base ratios was due to demands on neural function per se. It has been shown that 
the neuron and the neuronal glia compose a functional unit and the significance 
of the RNA glia-neuron changes in learning is discussed. It is suggested that the 
learning during the life cycle by “change by use’ involves a utilization of a geneti- 
cally stable mechanism of the neuron-glia unit and is reflected in the observed 


RNA changes. 
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MATING BEHAVIOR IN MALE RATS AFTER REMOVAL OF THE 
SEMINAL VESICLES* 


By Frank A. BEACH AND JAMES R. WILSONT 
UNIVERSITY OF CALIFORNIA, BERKELEY 


Communicated March 11, 1963 


Various speculations have been advanced with respect to the physical bases for 
“sexual drive” in men and other species. During the late nineteenth century some 
biologists concluded that sensations arising in the distended seminal vesicles might 
contribute to the generation of sexual excitement.! This theory probably was sug- 
gested by the well-known fact that in male animals of seasonally-breeding species 
these organs increase greatly in size at the time of rut, and then regress when the 


mating season passes. 

Steinach? removed the seminal vesicles and the prostate in male rats, and reported 
the postoperative survival of ‘normal’ mating responses. . However, the behavioral 
descriptions were purely qualitative and no standardized, quantitative testing 
method was employed. 

In recent years methods of measuring copulatory performance in male rats have 
been regularized, and similar quantitative tests are presently in use in a number of 
laboratories, both in this country and abroad.*: 4 Several studies of the course of 
“sexual exhaustion” have involved continuous exposure of males to receptive fe- 
males until the former ceased to react sexually for protracted periods of time.5~* 

The present investigation was conducted to determine whether removal of the 
seminal vesicles would alter the mating pattern of sexually rested male rats, or have 
any effect upon the course of sexual exhaustion. 

Subjects, Apparatus, and Procedure.—The subjects were 10 adult male rats of 
the Long-Evans strain which had undergone a large number of standard exhaustion 
tests so that they were thoroughly adapted to the apparatus and testing procedure, 
and their behavior had stabilized. 

The observation cages, methods of recording, and behavioral items scored were 
the same as those used in earlier investigations in the senior author’s program.» 7 
Males were tested individually with receptive females which had been brought into 
estrus by successive injections of estrogen and progesterone.** Testing continued 
without interruption until 30 minutes had elapsed without any mounting responses 
by the male. 

All males were given one exhaustion test before operation after at least 2 weeks 
without sexual activity. One day later the animals were weighed and the seminal 
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vesicles were removed. One month after the operation all subjects were given a 
second exhaustion test. 

Results and Conclusions.Comparisons of pre- and postoperative performance 
are presented in Table 1. ‘“‘Mount latency” is the number of seconds from the 
female’s introduction into the test cage until the male first mounts her. This mount 
may or may not include the achievement of genital intromission, hence “‘intromis- 
sion latency”’ is scored separately. 

Following the terminology introduced by Larsson‘ a “Series” is defined as the 
combination of mounts and intromissions preceding each ejaculation.” Series 1 
begins with the initial mount or intromission of the test and ends with the first 
ejaculation. Series 2 begins when the male resumes copulating, and ends with the 
occurrence of the second ejaculation. Each ejaculation is followed by a period of 
sexual inactivity, the “postejaculatory interval,” which separates successive series. 
In Table 1 the series culminating in the last ejaculation is termed “Final Series.” 


TABLE 1 
MEAN Scores FOR MATING BEHAVIOR IN 10 MALE RATS BEFORE AND AFTER REMOVAL OF 
THE SEMINAL VESICLES 
Before After 


Ejaculations to exhaustion 6.5 6.5 
Time to exhaustion* 6396 6649 
Mount latency 69.7 37. 
Intromission latency 71.2 78 
First Series 

Mount frequency 

Intromissions to ejaculate 

Intercopulatory interval 

Ejaculation latency 

Postejaculatory interval 
Second Series 

Intromissions to ejaculate 

Intercopulatory interval 

Ejaculation latency 208 

Postejaculatory interval 390 
Final Series 

Intromissions to ejaculate 6 

Intercopulatory interval 184 

Ejaculation latency 1090 


* All time scores, latencies, intervals, ete., are expressed in seconds. 


The number of preceding series ranged from 3 to 11, since different individuals 
achieved different numbers of ejaculations before reaching the criterion of sexual 
exhaustion. 

None of the differences between pre- and postoperative scores approached statis- 
tical significance except for the number of intromissions to ejaculate in the Final 
Series (p <0.05 by the Wilcoxon test) .%° 

Our conclusion is that removal of the seminal vesicles in sexually experienced rats 
produces no significant change in the mating performance of freshly rested males, 
nor in the normal course of sexual exhaustion. 

Summary.—Ten sexually experienced male rats were observed in standardized 
tests for sexual exhaustion before and after removal of the seminal vesicles. Com- 
parison of various quantitative measures of mating performance before and after 
operation revealed no significant change in the pattern of behavior or in the total 
‘apacity for sexual activity. 





626 ZOOLOGY: CROWLEY AND CURTIS Proc. N. A. S. 
* This research was supported by grant MH-04000 from the U.S. Publie Health Service. 
+ During the conduction of this investigation the junior author was a Predoctoral Fellow of the 
Committee for Research in Problems of Sex, National Academy of Sciences-National Research 


Council. 
! Tarchanoff, J. R., Arch. f. d. g. Physiol. des Mensches u. d. Thierc., 40, 330 (1887). 


2 Steinach, E., Pfluger’s Arch., 56, 304 (1894). 

8 Larsson, K., ‘Conditioning and sexual behavior in the male albino rat,’ in Acta Psychol. 
Gothoburgensia (Stockholm: Almquist & Wiksell, 1956). 

4 Beach, F. A., and R. E. Whalen, J. Comp. Physiol. Psychol., 52, 249 (1959). 

5 Beach, F. A., and E. Jordan, Quart. J. Psychol., 8, 121 (1956). 

6 Fowler, H., and R. E. Whalen, J. Comp. Physiol. Psychol., 54, 68 (1961). 

7 Wilson, J. R., R. E. Kuehn, and F. A. Beach, J. Comp. Physiol. Psychol., in press (1963). 

8 Fisher, A. E., J. Comp. Physiol. Psychol., 55, 614 (1962). 

%” The hormone products used in this experiment were generously supplied by Dr. R. Richard 
McCormick of the Medical Research Division, Schering Corporation, Bloomfield, New Jersey. 

% The term “ejaculation”’ refers to the male’s overtly observable, reflexive reaction which 
characteristically accompanies seminal emission. The latter event is not included in our records. 

% Siegel, S., Nonparametric Statistics for the Behavioral Sciences (New York: MeGraw-Hill, 


1956). 


THE DEVELOPMENT OF SOMATIC MUTATIONS IN MICE 
WITH AGE* 


By CaTHRYN CROWLEY AND Howarp J. Curtis 


BIOLOGY DEPARTMENT, BROOKHAVEN NATIONAL LABORATORY, UPTON, NEW YORK 
Communicated by Milislav Demerec, March 29, 1963 


Of the many theories to account for the phenomenon of aging, the one which has 
gained most prominence recently is the somatic mutation theory. This theory 
proposes that aging is caused by the gradual accumulation of spontaneous mutations 
in the somatie cells of the body. Evidence concerning this theory has largely been 
lacking for want of a method for measuring such mutations. Recently an indirect 
method has been developed! in connection with the problem of radiation-induced 
aging. The method involves scoring the numbers of chromosome aberrations in 
cells from regenerating livers of mice. The justification for relating this quantity 
to the numbers of mutations present comes from work with plants? where the 
somatic cells eventually differentiate to form germinal cells whose miitations can be 
scored in the usual way. Here it is found that the numbers of mutations are pro- 
portional to the chromosome aberrations of the somatic cells under a wide variety of 
circumstances. 

Previous work * has shown that aberrations in liver cells of mice increase linearly 
with age at least to an age of 12 months. A single dose of X rays will increase the 
aberrations to 80 per cent or higher, and these decrease slowly with time over a 
period of many months. When mice are subjected to continuous low level ir- 
radiation by gamma rays, aberrations accumulate more rapidly than for the con- 
trols, but calculations show that this is a “‘multiple hit’? phenomenon and thus the 
chromosomes are capable of self-repair. 

The present work was undertaken in an effort to gain evidence for a causal rela- 
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tionship between spontaneous somatic mutations and natural aging, by scoring the 
chromosome aberrations in strains of mice having different life expectancies. 

Methods and Results..-Vemale mice of two strains were used: C57BL/6J and 
A/HEJ. The first of these has been reported‘ to have a life expectancy of 600 
days, the second of 395 days. The mice were obtained from Jackson Laboratories 
when either 6 weeks or about 12 months of age, the latter being discarded breeders. 
All groups were kept under standard laboratory conditions, and five mice were re- 
moved at random from each group at approximately 100-day intervals and sacrificed 
for scoring of chromosome aberrations. 

The cytological methods have been previously described and consisted in injecting 
the mouse with carbon tetrachloride to destroy part of the liver, and sacrificing the 
animal 72 hours later at the height of regeneration. Cell squashes were examined 


microscopically and all cells in 
either anaphase or telophase were —o st. CA en ee ee 
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scored as either normal or ab- 
normal. Abnormalities consisted 
entirely of either bridges or frag 
ments. 

The results are shown in Figure 
1. Here it will be seen that the 
aberrations in the long-lived 
strain increase rather slowly with 
age, but those for the short-lived 
strain increase very rapidly. It hi 
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will be seen that in both cases . ee —S- a 
the mice which had been bred AGE - DAYS 
continually from the time they . ‘ ; ; 

2 ‘ bena% _ Fig. 1.—Chromosome aberrations in regenerating 
were adult until the start of the — liver cells in two inbred strains of female mice plotted 
experiment appeared to develop *% 8 function of age. The median life span of each 

; strain is indicated by the arrows, as reported by Rod- 
aberrations at a faster rate than erick and Storer.‘ In each case, the solid lines represent 
animals which had not been bred. ®?imals 8 weeks of age at the start of the experiment, 


and the broken lines old breeding animals about 1 year 
It is not known whether or not — old at the start of the experiment. 


this is a real effect. There were 
so few mice that mortality curves were not very accurate, but life expectancies 
found were consistent with those reported.‘ 

Discussion.—It is interesting to compare this result with previous work. This 
presents some difficulties, since scoring is somewhat subjective and varies somewhat 
from observer to observer and even in the same observer at different times. This is 
why the experiments must be done “blind” and in a rigidly controlled series. Never- 
theless, the previous results’ * are entirely in accord with the present ones. The 
two inbred strains used previously (Carworth Farms strain CF] and Charles River 
strain CDI) are intermediate between the two strains used here, both in longevity 
and in the rate at which the normal control animals develop aberrations in liver 
cells. Thus, the present results, together with this substantiating evidence, make it 
seem quite certain that in inbred strains the life expectancy is related to the rate at 
which spontaneous chromosome aberrations, and presumably mutations, develop in 
the somatic cells. 
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Previous work has shown that when the mutation rate is increased by radiation 
in a variety of conditions, the life span is proportionately decreased. The present 
work now shows that the same holds true for spontaneous mutations. These facts 
would make it seem quite extraordinary if there were not a causal relation between 


somatic mutations and aging. 

Summary.—Chromosome aberrations in the liver cells of two strains of mice, one 
long-lived and the other short-lived, have been measured as a function of age. The 
development of aberrations is inversely proportional to the life expectancy. This 
result, together with other recent evidence, makes it seem very likely that somatic 
mutations play a dominant role in the aging process. 


* Research carried out at Brookhaven National Laboratory under the auspices of the U.S. 
Atomic Energy Commission. 

1 Stevenson, K. G., and H. J. Curtis, Radiation Research, 15, 774 (1961). 

2 Caldecott, R. S., in Effects of Ionizing Radiation on Seeds (Vienna: International Atomic 
Energy Agency, 1961), p. 3. 

’ Curtis, H. J., and C. Crowley, Radiation Research, in press. 

‘ Roderick, T. H., and J. B. Storer, Science, 134, 48 (1961). 


REPRESSION OF THE VALINE-ISOLEUCINE PATHWAY 
IN SALMONELLA* 


By F. B. ARMSTRONG AND R. P. WAGNER 


DEPARTMENT OF GENETICS, NORTH CAROLINA STATE COLLEGE, RALEIGH, AND THE GENETICS 
FOUNDATION, DEPARTMENT OF ZOOLOGY, UNIVERSITY OF TEXAS, AUSTIN 


Communicated by Wilson S. Stone, March 21, 1963 


Recent investigations have shown that the a-hydroxy-6-keto acid reductoisom- 
erase and the a,8-dihydroxy acid dehydrase enzymes for the synthesis of valine 
and isoleucine are repressed when wild-type Salmonella typhimurium is grown in 
nutrient broth.! Attempts to identify the factor(s) responsible for the repression 
have shown that valine exerts a partial repression on the reductoisomerase and 
the dehydrase but that true repression is not obtained with this amino acid.! 
Isoleucine and valine together are no more effective than valine; indeed, isoleucine 
often antagonizes the effect that valine has on the dehydrase, particularly during 
the initial phase of growth. A combination of leucine, isoleucine, and valine is 
also incapable of repressing the pathway. 

This report is concerned with the continued investigation of the factors respon- 
sible for the repression of the pathway and with the novelty of the regulatory mecha- 
nisms. 

Methods.—The organism used in this study was wild-type S. typhimurium, 
strain LT-2. All experimental procedures and enzymatic assays have been de- 
scribed elsewhere.! Cells were disrupted sonically either by treatment in a 20-ke 
Bronwill Biosonik for 10 min (Fig. 1) or in a Sonifier (Branson Instruments, Inc.) 
for 2 min (Table 1). Cell-free extracts prepared in the latter manner possess higher 
levels of a,6-dihydroxy acid dehydrase activity. Conditions of growth and treat- 
ment of the cells for the individual experiments are given with the Table and Figure. 
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Fig. 1.—Patterns of enzymatic activities of Salmonella when grown 
in minimal medium supplemented with valine and isoleucine. Cells 
were harvested during the logarithmic phase of growth in minimal 
medium, and cell-free extracts were prepared from an aliquot of these 
cells. The enzymatic activities determined in this preparation serve as 
the base line values (0°) in the above figure. The remaining cells were 
suspended in minimal medium supplemented with 2mM each of L- 
valine and L-isoleucine and incubated at 37°. Aliquots of cells were 
removed after various increments of growth, and cell-free preparations 
were made. Specific activities comprising the base line values are: 0.32 
for a-acetolactate-forming enzyme, 10.1 for reductoisomerase, 3.2 for 
dehydrase, and 1.3 for transaminase. See Methods for substrates 
utilized. 


Substrates utilized for the enzymatic assays are: sodium pyruvate for a-aceto- 
lactate-forming enzyme, a-aceto-a-hydroxybutyrate for reductoisomerase, a,@- 
dihydroxy-6-methylvalerate for dehydrase, and a-ketoisovalerate (a-ketovaline) 
for transaminase. Specific activity is recorded in micromoles per hr per mg of 
protein. 

Results.—Y igure 1 depicts the effect of the presence of valine and isoleucine on 
four enzymes in the biosynthetic pathway leading to these amino acids. The a- 
acetolactate-forming enzyme shows a rise in specific activity at the onset of growth 
followed by a decline to, but not below, the base line value. This increase in activity 
is characteristic of this enzyme, grown in minimal medium with or without the two 
amino acids, but the increase is less in their presence. The reductoisomerase ac- 
tivity is partially repressed, analogous to the effect of valine alone.!| The dehydrase 
activity is not repressed until after an initial rise in activity (whereas with valine 
as the supplement, the reductoisomerase and the dehydrase share a similar pattern 
of depression!). This experiment serves as a good illustration of the valine- 
isoleucine antagonism. Although the transaminase activity fluctuates, a sustained 


repression of this enzyme has never been observed. 

The effects of various amino acids that are metabolically related to valine and 
isoleucine (Fig. 2) on the repression of the pathway are given in Table 1. Since 
valine is capable of severely depressing (temporarily) the dehydrase when growth 
has reached a 200% increase in cell number,' the enzyme activities in this series of 
experiments were assayed before (rapidly declining activity) and after (sustained 
repression) this particular period. 
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Reductoisomerase and dehydrase: 
The results given in Experiment 1 
of Table 1 show that a valine-iso- 
leucine-leucine supplement is more 
effective than a_valine-isoleucine- 
threonine supplement in repressing 
the dehydrase activity during very 
early periods of growth; however, 


both supplements are only slightly 
more effective than valine (50 to 
60°%).' A combination of valine, 


' 
VALINE ISOLEUCINE 


Fic. 2.—Simplified diagram of the interrelated 
pathways for the synthesis of methionine, threonine, 
isoleucine, valine, and leucine. isoleucine, leucine, and threonine 
(VILT) is the most effective supplement. As seen in Experiment 4, methionine 
cannot replace threonine and when methionine is added to the VILT supplement, 
the threonine effect is lost. 

When growth is allowed to continue (Exps. 2 and 3), it is noted that the 
isoleucine-leucine supplement is capable of partially repressing the reductoisomerase 
and dehydrase. Addition of threonine to the supplement results in true repression 
values for the reductoisomerase. Thus, although in very early periods of growth 
(Exp. 1) the VILT supplement is more effective than the valine-isoleucine-leucine 
supplement in repressing both the reductoisomerase and dehydrase, the sustained 
threonine effect is on the reductoisomerase (Exps. 2 and 3). 
valine-isoleucine antagonism, it was necessary to determine if 
Experiment 2 shows that when isoleucine 


valine- 


Because of the 
isoleucine is required for the VILT effect. 


TABLE 1 
Errect oF Vartous AMINO AcID SUPPLEMENTS ON ENZYME REPRESSION 
————-— Specific Activity —wmoles/hr/mg———-— 
Acetolactate- 


forming 
enzyme 


Trans- 
aminase 


Reducto- 
isomerase 


Dehy- 


Supplement to 
drase 


minimal medium 
Experiment 1 125%* 
None i3 
L-isot, val, thr (4mM ea) 0.32 
L-iso, val, leu (4mM ea) 0.24 
L-iso, val, leu, thr (4mM ea) .23 
2 300% 
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10. 


ton bo bo 


mw 


Experiment 
None 
L-val, leu, thr (2mM ea) 
L-iso, val, leu (2mM ea) 
L-iso, val, leu, thr (2mM ea) 

300% 


ie 


Experiment 3 
None 
L-iso, val, leu (2mM ea) 

L-iso, val, leu, thr (2mM ea) 
L-iso, val, leu, thr, asp (2mM ea 
100% 


twomnwst 


Experiment 4 
None 
L-iso, val, leu, thr (2mM ea) 
L-iso, val, leu, met (2mM ea) 
L-iso, val, leu, thr, met (2mM ea) 
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75 
26 
26 
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tobe 
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26 5. 


Salmonella cells were harvested during logarithmic phase of growth in minimal medium. Aliquots of these 
cells were suspended in minimal medium supplemented as indicated above and allowed to incubate at 37° 
for 2-3!/2 hr (depending on the experiment). The cells were then harvested and cell-free extracts were made. 
Substrates for the enzymatic assays are given in Methods. 

* Denotes the increase in number of cells during the incubation period. 
Tt The following abbreviations are used: iso, isoleucine; val, valine; 
aspartic acid; met, methionine. 


thr, threonine; leu, leucine; asp, 





Vou. 49, 1963 BIOCHEMISTRY; ARMSTRONG AND WAGNER 631 


is omitted from the supplement, the VILT effect is no longer obtainable. 

Iixperiment 3 shows that aspartic acid does not enhance the VILT effect. 

Acetolactate-forming enzyme: The two consistent features in the results given in 
Table 1 are that (1) all of the supplements tested succeed in abolishing the in- 
crease in activity associated with early growth; (2) yet the levels of activity never 
fall below the values routinely observed during growth. 

Transaminase: As seen in Table 1, the transaminase activity does fluctuate but 
is not greatly affected by the experimental conditions. None of the amino acids 
appears to repress it, nor does any combination of amino acids tried. 

Discussion.—Studies on the nature of the repression of the valine-isoleucine path- 
way in Salmonella offer evidence that the mechanism(s) involved are both novel 
and complex. The main features of the repression are listed below. 

1. The second and third enzymes of the pathway are repressible. 

2. Various amino acid supplements are capable of partially repressing these two 
enzymes. 

3. However, to obtain maximum repression of the reductoisomerase (second 
enzyme), threonine, a precursor of isoleucine, as well as valine, isoleucine, and 
leucine are required. 

4. Although the first enzyme is not implicated in the repression, evidence 
(discussed below) implies, nevertheless, that the enzyme is involved in the regulatory 
mechanisms. 

5. To date, there is no evidence for repression of the fourth (last) enzyme. 

A relationship between the reductoisomerase and the dehydrase (the repressible 


enzymes) has been noted in enzymatic studies on the isoleucine-valine requiring 
strains of Salmonella.2* Reductoisomerase-deficient strains possess “derepressed”’ 
levels of dehydrase activity, and vice versa. However, both types of mutants 
possess transaminase activities comparable to that of wild type, and transaminase- 
deficient strains have wild-type levels of reductoisomerase and dehydrase. Thus, 
there is no evidence that the relationship between the two repressible enzymes 


includes the transaminase. 

The repressible enzymes share a common pattern of repression; however, the 
data show that each of the enzymes is more sensitive to certain of the amino acids 
tested. Valine and leucine are more effective in repressing the dehydrase, e.g., 
isoleucine antagonizes the valine effect on the dehydrase (Fig. 1), and leucine is 
more effective as a supplement than threonine in repressing the enzyme (Table 1). 
Isoleucine and threonine show their greatest effect on the reductoisomerase, e.g., 
isoleucine can prevent the release from repression of the reductoisomerase,' and 
threonine is required for repression (Table 1). 

The available evidence (Table 1) supports the threonine effect as specific (as 
compared to a nonspecific amino acid effect) since (1) the effect is limited to one of 
the two repressible enzymes, (2) an additional amino acid (aspartic acid) does not 
enhance the repression, and (3) the effect is reversed by methionine. A similar 
threonine-methionine antagonism has been reported by Doudney and Wagner to 
occur in a Neurospora mutant, strain T-77.4 This strain grows on minimal medium 
but is inhibited by threonine. Moreover, in the presence of threonine, the a-keto 
acid analogues of valine and isoleucine accumulate in the medium.’ The threonine 
inhibition is completely overcome by methionine. 
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The role of threonine in the repression of the reductoisomerase is interpreted to 
mean that since the end products of the valine-isoleucine and leucine pathways only 
partially repress the valine-isoleucine pathway, an endogenous accumulation of 
threonine is required to complete the repression. If the cell shunts threonine into 
other metabolic activities or limits threonine synthesis, then repression of the 
reductoisomerase does not occur. 

It is likely that at least one additional factor, as yet unknown, is required to re- 
press the dehydrase. Based on available data, threonine should not be required for 
this repression but, instead, a valine-isoleucine-leucine supplement plus the un- 


known factor. 

A possible involvement of the a-acetolactate-forming enzyme in the regulatory 
mechanism should also be considered. The increase in activity at the beginning of 
growth is characteristic of repressible enzymes.’ However, suppressing this 


rise of the a-acetolactate-forming enzyme does not require any specific set of factors 
(Table 1), and repression has never been ovserved. The data favor the idea that 
the first enzyme is concerned primarily with ‘‘derepression” rather than repression. 

The present study indicates some of the complexities associated with the reg- 
ulatory mechanisms of interrelated pathways. For example, threonine is a pre- 
cursor of isoleucine, an amino acid that shares a common biosynthetic pathway with 
valine, and a-ketovaline is a precursor of leucine (Fig. 2).7._ What are or would be 
the results of end product regulation? Isoleucine inhibits the threonine deaminase, 
thereby preventing the formation of a-ketobutyrate, a precursor of isoleucine. 
This is an example of an effective feed-back control because, although the synthesis 
of isoleucine is prevented, that of valine is unaffected. Valine synthesis has no 
such “branch” reaction, and a control exerted by valine (e.g., as a result of repression 
of leucine synthesis) would prevent the production of valine and isoleucine, and 
therefore would be pernicious to the cell. In addition, regulation by both valine 
and isoleucine of their synthesis would affect the production of threonine and leu- 
cine. The solution may lie in the partial repression noted in these studies. Valine 
represses the reductoisomerase and dehydrase to approximately 50 per cent of the 
values normally observed. This partial repression, together with the observation 
that the valine precursor is only one tenth as active as that of isoleucine in the 
reductoisomerase assay,? make it reasonable to assume that in the partially re- 
pressed system, synthesis of valine becomes limiting. The data that certain re- 
ductoisomerase-deficient strains grow suboptimally with only valine as a supple- 
ment (whereas a similar situation requiring isoleucine has not been observed)* sup- 
port this thesis. Thus, partial repression coupled with the rate of reaction of an 
enzyme permits an effective regulatory control. Only with the reductoisomerase 
is this substrate difference noted, and this feature of the enzyme is likely the basis 
for the effect of threonine and isoleucine on its repression. Likewise, the leucine 
effect on the dehydrase is not surprising since this enzyme catalyzes the production 
of a precursor of leucine (a-ketovaline). 

Summary.—Continued investigations of the repression of the pathway for the 
synthesis of valine and isoleucine in wild-type Salmonella typhimurium show that 
threonine, a precursor of isoleucine, is required in addition to valine, isoleucine, and 
leucine to repress maximally the reductoisomerase (one of the two repressible en- 
zymes). Available evidence emphasizes the unusual complexities associated with 
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the regulatory mechanisms of the pathway. Several features of the repression 
phenomenon are discussed. 


The authors wish to express their sincere appreciation to Miss Mary Lynn Gordon and Mr. 
Richard Timothy Eakin for their technical assistance. 
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ON THE LIGHT-INDUCED BLEACHING OF PHOTOSYNTHETIC 
PYRIDINE NUCLEOTIDE REDUCTASE IN THE PRESENCE OF 
CHLOROPLASTS* 


By Brirron CHANCE AND ANTHONY SAN PieTROT 


JOHNSON RESEARCH FOUNDATION, UNIVERSITY OF PENNSYLVANIA, PHILADELPHIA, AND 
MCCOLLUM PRATT INSTITUTE, THE JOHNS HOPKINS UNIVERSITY, BALTIMORE 


Communicated January 29, 1963 


The recognition of the important function of the methemoglobin reducing factor 
of Davenport, Hill, and Whatlev': * came with the studies of photosynthetic pyri- 
dine nucleotide reductase (PPNR)* by San Pietro and Lang.* These studies pro- 
vided an important step in the delineation of the light-induced redox reactions of 


chloroplasts.‘ 

As the preparation became purified to a degree sufficient for optical tests (it has 
recently been crystallized®), it became of interest to learn whether or not the bleach- 
ing of this pigment caused by dithionite could be achieved by illuminated chloro- 
plasts and, if so, whether or not the rate of the light-induced bleaching is sufficient 
to explain the rate of NADP reduction. In brief, it was important to know whether 
or not the spectroscopically identifiable change is part of the action of PPNR. The 
importance of this work is underlined by a statement of Tagawa and Arnon® in 1962 
on the bleaching of PPNR (renamed ‘‘chloroplast ferredoxin’”’ by them): ‘Under 
none of these other names was its capacity demonstrated for undergoing reversible 
oxidoreduction accompanied by characteristic spectral changes.” Our preliminary 
results on reversible spectral changes of PPNR were reported in 1960,’ and the re- 
versible bleaching was recently confirmed.* ° 

Preparations.—Chloroplasts were prepared as described previously ” and the assay 
was carried out as described there. The concentration of PPNR is now based upon 
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a molecular weight of 17,000"! and the concentration of the stock solution was found 
to be 359 uM on this basis as compared with 600 uM estimated in our preliminary 
report.?. The optical path was lem. The extent of bleaching was evaluated from 
the extinction coefficient of 2.6 em-! mM~! for the wavelengths 480 and 540 
mu. The temperature of the experiments was 26°. The experiments were carried 
out in air-saturated sucrose-KCl medium": ' and no phosphate acceptor system 
was added. 

The experiments were carried out in the 2.7 ml cuvette of the double beam spec- 
trophotometer. The reaction mixture consisted of 13.8 4M PPNR and 2.5 ug 
chlorophyll ml, with and without 0.1 mM NADP. Red illumination was afforded 
by a tungsten lamp and a Corning 2403 filter.'*. '* The photomultiplier was pro- 
tected from the red illumination by Wratten 44A and Corning 9978 filters. 

Experimental Results.—Difference spectra: Difference spectra for the light-dark 
condition were obtained by repetitive illuminations of the same sample of PPNR 
and by measuring the absorbancy changes at different wavelength settings of 
the double beam spectrophotometer.'*: '* At each pair of wavelengths employed, 
the sensitivity toward absorbancy changes was the same [approximately 3 4M _/one 
large seale division on the pen and ink recorder (see Fig. 2)]. The red light inten- 
sity at which the light-dark difference spectra were obtained was approximately 
one half that used in the kinetic experiment described below. This was done so that 
satisfactory measurements could be made at shorter wavelengths down to 370 mu. 
Thus, the optical density changes in Figure 1A are less than those of Figure 3 (see 
Fig. 2). 

The light-dark difference spectrum for the light illumination of 13.8 uM PPNR 
is shown in Figure 1A, and it is seen that a concentration change of approximately 
1.1 uM is recorded; 8 per cent of the 13.8 uM PPNR is bleached under these con- 
ditions (ef. Fig. 3). Eleven per cent bleaching was reported in our preliminary re- 
port.” A difference spectrum obtained in this way shows the double peaks charac- 
teristic of that obtained with dithionite bleaching (see Fig. 1B). 

Effect of light intensities: Vigure 2 shows on a slow time scale typical responses 
of PPNR to illumination at various intensities of light. Although the recordings 
are not on a sufficiently fast time scale for high accuracy in rate recording, it is 
apparent that the rate of PPNR bleaching varies with the light intensity in the 
range of these experiments; the reaction rate is light-limited. This figure also 
served to indicate the light intensity used in these experiments; the spectrum of 
Figure 1A was obtained with intensity setting 5. The kinetics of Figure 3 were 
obtained with light intensity setting 6. (This intensity setting represented maxi- 
mal voltage on the lamp.) The ratio of intensity setting 6 to 5 is 2.4-fold. 

Kinetics of reduction: In Figure 3 we have recorded on a faster time scale and an 
expanded absorbancy scale the kinetics of reduction of the PPNR, and it is seen 
that the reaction starts almost immediately. The apparent initial rate is 0.27 
uM ‘see and the amplitude of the effect corresponds to 3.9 uM oxidized or 28 per 
cent of the 13.8 uM PPNR. In this case the activity of chloroplasts in reducing 
PPNR is measured directly, without added NADP. The rate corresponds to 
390 umoles PPNR/mg chlorophyll/hr at 26° and may be compared with the over- 
all photosynthetic rate of 220 umoles CO, fixed/mg chlorophyll/hour or 440. umoles 
of a 2 equivalent substance reduced/mg chlorophyll/hr at 20°, 
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reference point for this spectra is 540 mu. (Expt. 157). 


Effects of NADP: In Figure 3B the kinetics of Figure 3A are repeated in the 
presence of 100 uM NADP. First, the steady state oxidation level is greatly re- 
duced; second, the rate is somewhat reduced. In this experiment the apparent 
initial rate has fallen to 0.19 uM/sec, and in a companion experiment the rate fell 
from 0.33 to 0.15 uM /see. 
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Fig. 3A.—Kinetics of bleaching of 13.8 «uM PPNR in the presence of chloroplast (2.5 ug chloro- 
phyll/ml) but in the absence of NADP. The time and absorbancy scales are indicated on the 
diagram. A decrease of absorbancy at 480 my with respect to 540 my corresponds to an upward 
deflection of the trace. The moments at which the lights turn on and off are marked on the 
figure. 

Fic. 3B.—An experiment identical to that of Fig. 34 except that 100 «M NADP is present 

(Expt. 157). 


Kinetics of reoxidation: It is a matter of considerable interest to note the rapidity 
of the dark oxidation of the reduced form of PPNR; the rates exceed the apparent 
initial rate of reduction, being 0.29 uM/sec in the absence of NADP and 0.23 
in the presence of NADP. Thus, the true initial rate of reduction might exceed con- 
siderably the values indicated by the slopes of the traces of Figure 3. The oxidant 
is presumably molecular oxygen,® but our results are also consistent with a cyclic 
reaction. 

Over-all activity in NADP reduction: The chloroplast-PPNR system was tested 
in the same concentration of NADP used in Figure 3, and the rate of NADP re- 
duction measured at 340 mu was 0.1 uM/sec. This value is one half the rate of 
PPNR reduction observed in the presence of NADP and one third the rate observed 
in the absence of NADP. The over-all activity corresponds to 140 umoles NADP 
reduced/mg chlorophyll/hr at 26°, 





636 BIOCHEMISTRY: CHANCE AND SAN PIETRO Proc. N. A. 8. 


Discussion.—Spectroscopic changes: The similarity of the light-induced absorb- 
ancy changes and those caused by the strong reducing agent, dithionite (Fig. 1), 
indicate a reduction of PPNR on chloroplast illumination. From a comparison 
of these spectra we caleulate the percentage reduction of PPNR in the light-induced 
steady state to be 28 per cent. This percentage would be larger in the absence of 
the reaction which causes reoxidation of the reduced form of PPNR (see be ow). 

The effect of NADP on the absorbancy change (Fig. 3) is larger than would be 
expected from the rate of NADP reduction, and it is possible that NADP combined 
with PPNR gives a reaction intermediate of a different absorption spectrum. 

The spectral changes do not identify the moiety of PPNR that is reduced, al- 
though the iron atoms’ are possible electron carriers. Moreover, a comparison of 
the spectra of the bacterial and chloroplast materials gives the ratios of the extinc- 
tion coefficients of the 390 and 465 mu bands as 5:1, and that of the iron contents as 
5:1.° Furthermore, the shift of the peak of the band to shorter wavelengths with 
an in¢reasing number of iron atoms is in agreement with observations of model iron 
compounds (J. B. Nielands, personal communication). 

Reaction kinetics: The observation that PPNR is reduced more rapidly than 
NADP shows that the reduced form has the potentiality of acting as an electron 
‘arrier between chloroplasts and NADP. Similar data on the reaction kinetics of 
PPNR with hydrogen gas as the electron donor® © are needed to indicate the pos- 
sibility that the reduced form (see Fig. 1) participates in the dark reduction of 
NADP. 

Oxidation reaction: The very rapid reoxidation of reduced PPNR illustrated 
by Figure 3 casts some doubt on its capability for efficient biological function in 
reactions in which oxygen is present or is produced by light, as in chloroplasts. The 
kinetic data of Figure 3 suggest that PPNR rapidly donates electrons to an acceptor 
in the absence or in the presence of NADP. Thus, the efficiency of the NADP 
reduction must necessarily be low: if PPNR affords an electron “leak” to an al- 
ternate acceptor at this relatively rapid rate, high quantum efficiencies charac- 
teristic of photosynthesis are not to be expected under these conditions and more 
experimental data are needed. 

The pathway of electron transfer: Based upon inhibition of the transhydrogenase 
by its antibody,'* and upon studies of TPNH-cytochrome ¢ reductase activity,'” | 
the electron transfer and photophosphorylation pathway!® appears to be 

(PPNR) (TH) 
— eytochrome — chlorophyll — Fe —— Fp —- » TPN 
a. We A 
cytochrome ¢ Or» (1) 


Here, TH represents the transhydrogenase factor coupling PPNR to TPN," which 
has also been purified by Shin et al.2°. The diagram also indicates the pathway of 
cytochrome ¢ reduction” and possible pathways for the oxygen bypass discussed 
above. 

Relation to ferredoxin: As stated in the introduction, the kineties of the light- 
induced bleaching and the spectrum of the product are a matter of considerable 
interest to workers in this field.'~* Since the differences between the PPNR 
preparation used in these experiments and the material later identified by the name 
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“chloroplast ferredoxin’ appear to be negligible, it is appropriate to identify the 
spectral and kinetic data obtained here with the function of methemoglobin reduc- 
ing factor, PPNR, and chloroplast ferredoxin. 

Relation to the mechanism of electron transfer in photosynthesis: The basic event 
in light-induced electron transfer in Chromatium is the donation of an electron from 
a cytochrome of type ¢ to a form of chlorophyll, a reaction that has a high quantum 
efficiency! and is temperature-independent.??. The nature of the primary electron 
acceptor is a matter of speculation, and PPNR or ferredoxin®*~” is by no means 
the only possibility to be considered. In fact, the complication of its reaction with 
oxygen raises a further question of the possible efficiency of its function. 

It is useful to point out that NAD reduction does not of itself require electron 
‘arriers of an oxidation-reduction potential as low as 432 mV®; NAD is reduced 
by interaction with a flavoprotein and ATP in the reversed electron transfer 
reaction of mitochondria.*~*° 

Summary.—Light-dark difference spectra for PPNR reduction by illuminated 
chloroplasts, together with the kineties of reduction of the pigment and its reduction 
of NADP, show that the pigment is a permissible intermediate in the photosyn- 
thetic pyridine nucleotide reductase activity. 


* This work was supported in part by the National Science Foundation. 

t Present address: Charles F. Kettering Laboratories, Yellow Springs, Ohio. 

t Abbreviations: PPNR, photosynthetic pyridine nucleotide reductase; NADP, triphospho- 
pyridine nucleotide; #M, micromoles per liter; TH, transhydrogenase. 

' Davenport, H. E., R. Hill, and F. R. Whatley, Proc. Roy. Soc. (London), B139, 346 (1952). 

? Davenport, H. E., and R. Hill, Biochem. J., 74, 493 (1960). 

3 San Pietro, A., and H. M. Lang, J. Biol. Chem., 231, 211 (1958). 

* Davenport, H. E., in Biological Structure and Function, ed. T. W. Goodwin and O. Lindberg 
(New York: Academic Press, 1961), vol. 2, p. 449. 

5 Hill, R., and F. Bendall, Nature, 187, 417 (1960). 

® Tagawa, K., and D. I. Arnon, Nature, 195, 537 (1962). 

7 Chance, B., in Biological Structure and Function, ed. T. W. Goodwin and O. Lindberg (New 
York: Academic Press, 1961), vol. 2, p. 453 (discussion of Arnon and Davenport). 

8 Horio, T., and T. Yameshita, Biochem. Biophys. Res. Comm., 9, 142 (1962). 

® Whatley, F. R., K. Tagawa, and D. I. Arnon, these PRoCEEDINGs, 49, 266 (1963). 

Keister, D. L., A. San Pietro, and F. E. Stolzenbach, Arch. Biochem. Biophys., 94, 187 
(1961). 

1! Appella, E., and A. San Pietro, Biochem. Biophys. Res. Comm., 6, 349 (1962). 

'2 San Pietro, A., in Light and Life, ed. W. D. McElroy and B. Glass (Batimore: Johns Hopkins 
Press, 1961), p. 631. 

‘8 Chance, B. and B. Strehler, Plant Physiol., 32, 536 (1957). 

‘4 Chance, B., and R. Sager, Plant Physiol., 32, 548 (1957). 

'’ Mortenson, L. E., R. C. Valentine, and J. E. Carnahan, Biochem. Biophys. Res. Comm., 7, 
448 (1962). 

6 Keister, D. L., A. San Pietro, and F. E. Stolzenbach, Arch. Biochem. Biophys., 98, 235 
(1962). 

7 Lazzarini, R. W., and A. San Pietro, Biochim. et Biophys. Acta, 62, 417 (1962). 

® Black, C. C., C. A. Fewson, M. Gibbs, D. L. Keister, and A. San Pietro, Fed. Proc., 21, 398 
(1962). 

'® Keister, D. L., and A. San Pietro, in preparation. 

*” Shin, M., K. Tagawa, and D. I. Arnon, Fed. Proc., 22, 100 (1963). 

21 Olson, J. M., and B. Chance, Arch. Biochem. Biophys., 88, 40 (1960). 

22 Chance, B., and M. Nishimura, these PRocEEDINGs, 46, 19 (1960). 

23 Witt, H. T., A. Muller, and B. Rumberg, Nature, 192, 4806 (1961). 





638 BIOCHEMISTRY: EVANGELOUPOULOS AND SIZER — Proc. N. A.S. 


24 Rumberg, B., A. Muller, and H. T. Witt, Nature, 194, 854 (1962). 

*% Duysens, L. M. N., and J. Amesz, Biochim. et Biophys. Acta, 64, 261 (1962). 

% Crane, F. L., in CIBA Foundation Symposium on Quinones in Electron Transport (London, 
1960), ed. C. E. W. Wolstenholme and C, M. O’Connor (London: J. & A. Churchill, Ltd., 1961), 
p. 36. 

27 Clayton, R. K., Biochem. Biophys. Res. Comm., 9, 49 (1962). 

28 Chance, B., and G. Hollunger, Nature, 185, 666 (1960). 

2° Low, H., and I. Vallin, Biochim. et Biophys. Acta, 69, 361 (1963). 


PIG HEART GLUTAMIC ASPARTIC TRANSAMINASE 
MECHANISM OF TRANSAMINATION 
By A. Ek. EvaNGELopouLos aNnp I. W. Sizer 
DEPARTMENT OF BIOLOGY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Communicated by F. O. Schmitt, March 20, 1963 
Two principal mechanisms for the enzymatic transamination reaction have been 
proposed: (A) a discredited ternary mechanism in which it was assumed that inter- 
action occurred simultaneously among all three reactants, amino acid, keto acid, 
and enzyme, at a single active site;'~* (B) the accepted binary hypothesis which 
proposed that enzymatic transamination is the sum of two separate binary reac- 
tions, each of which is catalyzed by a distinct form of glutamic aspartic transaminase 


(GAT), a pyridoxal form specific for an amino acid, and a pyridoxamine form specific 
for a keto acid in accordance with the following scheme :4~* 


amino acid; + pyridoxal — Kk = pyridoxamine — E + keto acid; 
keto acid, + pyridoxamine — E = pyridoxal — EF + amino acid: 


Sum: amino acid, + keto acid, = amino acids + keto acid). 


This scheme, however, does not satisfactorily explain the properties of the GAT and 
its reactions with keto substrates, amino substrates, and different types of in- 
hibitors. The evidence against this binary hypothesis comes from the following ob- 
servations: 

1. The binary hypothesis does not explain why the spectrum of the dialyzed 
pyridoxal enzyme (prepared according to Jenkins et al.’) is different from the spec- 
trum of the pyridoxal enzyme in the presence of the substrates, oxaloacetate, or 
a-ketoglutarate.* This distinct difference between enzyme and enzyme-keto sub- 
strate complex exists over a wide pH range. According to the binary scheme, the 
pyridoxal enzyme should not react with keto substrates. Evidence concerning 
complex formation between enzyme and substrate was obtained by studying the 
spectrum of pyridoxal enzyme (30 mg/ml or 0.00025 ) at pH 8.5 in 0.04 Tris buffer 
in the presence of oxaloacetate, a-ketoglutarate, aspartate, or glutamate (Fig. 1). 
Similar, but not identical, spectra are produced by adding the keto substrates, 
oxaloacetate, or a-ketoglutarate to the enzyme solution. The same is true for the 
comparable, but characteristically different, spectra produced by the amino sub- 
strates, aspartate, and glutamate. Spectroscopically, the final products and not 
intermediates are measured; hence, according to the binary scheme, the same spec- 
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Enzyme + Glutamate 
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Enzyme + Ketoglutarate 
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Enzyme + Any 
substrate, after 
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pH 85 


Enzyme + Oxaloacetate 


pH 85 


es 
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Fig. 1.—Spectra of glutamic aspartic transaminase (30 mg protein/ml) 

in 0.04 M tris buffer pH 8.5 in the presence of amino substrates and keto 

substrates, before and after dialysis. (’pper left: enzyme alone; Upper 

right: enzyme in 0.5 M glutamate or 0.5 M aspartate; Lower left: enzyme 

in 0.005 M a-ketoglutarate or 0.005 M oxaloacetate; Lower right: enzyme 

after removal of substrates by dialysis against deionized water for 48 hr. 
tra should characterize each pair of substrates, because the keto group of the two 
keto acids should have the identical influence on the spectrum, while the amino 
group of the two amino acids should have the same effect for both substrates. 

The spectra of these same solutions were again measured after dialysis for 48 hr 
against deionized water (Fig. 1). A spectrum identical with that of the free enzyme 
was always obtained after removal by dialysis of either keto or amino acids. This 
reversion to the free enzyme after dialysis constitutes further evidence against the 
pyridoxal-pyridoxamine hypothesis. To exclude the possibility that during dialysis 
oxidation occurs or ammonia is lost from the presumed pyridoxamine form of 
enzyme (thereby converting it to the pyridoxal form), the enzyme-amino acid com- 
plexes were dialyzed at pH 8.5 against either 0.01 W thioglycolate buffer or 0.01 
M NH;-HCI buffer. The spectra were the same as for the usual dialysis of the com- 
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plexes against deionized water. These experiments are inconsistent with the 
pyridoxal-pyridoxamine hypothesis, and suggest that the enzyme exists only in a 
pyridoxal form which can complex with either type of substrate. There is no 


evidence for a pyridoxamine transaminase. 
2. At pH 5.5 the enzyme spectrum is characterized by maxima at 340 my and 


426 mu. Changes in this spectrum can be produced by as little as 5 X 10~° to 1 X 
10-4 M substrate added to a 2.5 X 10-4 M enzyme solution (Figs. 2 and 3). If the 


Enzyme + Enzyme + Aspartate pH 5.5 
Ketoglutarate pH 5.5 


Enzyme in 
0.0004 M 


9S 


Absorbancy 


Enzyme 


Absorbancy 


in 0.0004 M 


in 0.0008 M Enzyme in 0.002 M 


oOo 
on 


Enzyme in 0.0O6M 





300 320 340 360 380 400 420 440 460 480 500 


Wavelength (mu) 300 320 340 360 380 400 420 440 460 480 500 


Wavelength (my) 

Fic. 2.—Spectra of glutamic aspartic trans- F , : A 3 
aminase (30 mg protein/ml) in 0.04 M phos- Fig. 3. Spectra of glutamic. aspartic 
phate buffer, pH 5.5, alone or in the presence transaminase (30 mg protein/ml) in 0.04 M 


f4 xX 10-*Mor8 X 1074 M a-ketogluta- phosphate buffer, pH 5.5, alone or in the 
Oo oO o-Kewg presence of 4 X 1074 M, 2 X 1073 M or 6 X 


rate. 
10-3 M aspartate. 


addition of amino acid substrate to the pyridoxal enzyme yielded pyridoxamine- 
enzyme and keto acid as products (required by the binary scheme), then we should 
observe marked spectral changes characteristic of the interaction of keto acid 
product and enzyme. No trace of ketoglutarate was produced by the addition of 
aspartate to pyridoxal enzyme (Figs. 2 and 3). No aspartate resulted from the ad- 
dition of ketoglutarate to the enzyme. 

3. The pyridoxal-pyridoxamine hypothesis cannot explain the existence of two 
distinctly different kinds of inhibitors which react with the pyridoxal enzyme, either 
like amino substrates or like keto substrates. A compound such as maleic acid, 
lacking a keto group, can react like a keto acid, and produce the same changes in the 
spectrum of the enzyme (Fig. 4). An inorganic salt such as potassium cyanide, 
lacking an amino group, can interact with the enzyme and change its spectrum in the 
very same way as an amino acid (Fig. 5). The small differences between the 
spectra of the enzyme-aspartate complex and the enzyme-potassium cyanide 
complex are due to the greater reactivity of the enzyme with potassium cyanide 
(see Figs. 3 and 5). 

4. To further explore the pyridoxal-pyridoxamine hypothesis of transamination 
and to understand how other workers could isolate pyridoxal phosphate after resolu- 
tion of the pyridoxal enzyme and pyridoxamine phosphate from the resolved pyrid- 
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Fic. 4.—Spectra of glutamic aspartic trans- Fic. 5.—S : : 
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oxamine enzyme,’ the spectrum of the coenzyme itself has been studied. Two solu- 
tions of the enzyme, to one of which had been added 0.1 M aspartate to convert the 
transaminase to the presumptive pyridoxamine form, were resolved into apoenzyme 
and coenzyme by the method of Boranowski et al.!° Comparison of the spectrum 
of the coenzyme prepared from the native enzyme and that prepared from enzyme 
treated with 0.1 M aspartate reveals that the spectrum of the coenzyme from the 
native enzyme in acid, neutral, and alkali pH is typical of pyridoxal phosphate 
(PLP) treated the same way.” The spectrum of the coenzyme released from the 
enzyme treated with aspartate probably is that of an enzymatic addition product 
between aspartate and the aldehyde group of the coenzyme. In any event, it is not 
the spectrum of synthetic pyridoxamine phosphate (PMP). Coenzyme from free 
enzyme and synthetic PLP react with potassium cyanide to produce spectra which 
are similar to that of the coenzyme-aspartate complex. 

5. The pyridoxal-pyridoxamine hypothesis assumes a primary binding between 
coenzyme and apoenzyme through a Schiff base produced by a reaction between the 
aldehyde group of the pyridoxal phosphate and an amino group of the apoenzyme 
to produce the aldimine structure: coenzyme —-CH = N— Apoenzyme.* !!- Such 
a concept cannot explain how the pyridoxamine form is bound to the apoenzyme, 
nor how the double bond of —-CH = N— can split at neutral pH (at which the 
enzyme is active) to free the aldehyde group and permit the formation of a new 
Schiff base between coenzyme and amino acid. This picture suggests also that 
during transamination the coenzyme is loosely bound to the active center through 
secondary bonds. This seems unlikely since the coenzyme is known to be firmly 
bound in transaminase. The aldehyde group of the PLP must be free rather than 
bound as a Schiff base, since the enzyme reacts so readily with aldehyde reagents 
like hydrazine, hydroxylamine, thiosemicarbazide, etc. Formation of a Schiff base 
cannot explain the inversion of the spectrum of PLP as compared with GAT itself 
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when the pH is raised or lowered. For example, with PLP in solutions of increasing 
acidity there occurs an increase in ultraviolet absorption (major maximum at 295 
mu), and a decrease in the absorption of the spectrum near the visible (minor maxi- 
mum at 390 mu). Under the same acidic conditions the spectrum of GAT changes 
as a result of an increase in the absorption in the visible (major maximum at 426 
mu) and a decrease in the absorption in the ultraviolet (minor maximum about 340 
mu). The opposite inversion occurs at alkaline pH. The changes of the spectra of 
Schiff bases formed between PLP and certain amino acids with pH" are very dif- 
ferent, and hence the inversion of the spectrum of GAT with pH cannot be explained 
on the basis of Schiff base formation between apoenzyme and coenzyme. 

6. The pyridoxal-pyridoxamine hypothesis cannot explain why PMP is much 
less effective than PLP as an activator of GAT.“~" The observations by many 
investigators'’~*? of the transamination of PMP to PLP suggest the possibility that 
the activation of the GAT by PMP does not come from its coenzyme action but 
from its conversion by transamination to PLP. It does not explain why pyridoxal 
is ineffective as an activator, why compounds which have the 2-methyl group re- 
placed by an ethyl group in vitamin Bs act as vitamin Bs antagonists, and why en- 
zymes activated by this Bs coenzyme analogue show much reduced affinities for their 
substrates.2 Although both phosphate and methyl groups appear essential for the 
biological action of vitamin Bs, neither have heretofore been considered as playing 
a primary role in transamination. 

7. Keto substrates and dicarboxylic acid inhibitors change the spectrum of the 
enzyme in about the same way as do hydrogen ions, while amino substrates, their 
analogues, and aldehyde group reagents change the spectrum of the enzyme in about 
the same way as hydroxyl ions (see Figs. 1-5). These observations find no inter- 
pretation in the binary hypothesis. 

A new ternary hypothesis for transamination: All of our data are consistent with 
the concept that the transaminase exists only in a pyridoxal phosphate form, which 
can complex with either or both types of substrates: 


GAT- amino substrate complex = GAT = GAT- keto substrate complex. 


Since each transaminase molecule contains two pyridoxal phosphate groups,’ it 
can combine with amino acids or keto acids, or both. In the latter case we suggest 
that transamination can occur after the ternary complex has been formed. 


Apoenzyme — 2 PLP + K, + A, = Apoenzyme — 2PLP — K, — A.= 
Apoenzyme — 2 PLP — K, — A; = Apoenzyme — 2 PLP + K, + A, 


K, and Ky» are keto acids, and A; and A, are the corresponding amino acids. The 
specificity of the active center of the GAT is revealed from studies of the spectral 
properties of the reaction products between the enzyme and amino substrates and 
their analogues, keto substrates and their analogues, carbonyl reagents, and other in- 
hibitors. From these studies it appears that keto substrates are bound to the PLP 
of the active center at two points, while amino substrates are bound at three points. 
The active center contains a free aldehyde group. Evidence concerning the ternary 
hypothesis and the binding of substrates to the PLP of the active site will be pub- 
lished elsewhere. 
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Conclusion.— Kvidence is presented which indicates that the coenzyme of glutamic 
aspartic transaminase is only pyridoxal phosphate and not pyridoxamine phosphate. 
A new hypothesis of transamination is proposed in which the enzyme forms a 
ternary complex with both amino acid and keto acid prior to the exchange of amino 
and keto groups. 
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THE IDENTIFICATION OF A SULFATED MUCOPOLYSACCHARIDE IN 
CHICK EMBRYOS, STAGES 11-23* 


By SaLvapor FrRANco-BrowpeEr,t JoHN De Rypt, AND ALBERT DorFMAN 


LA RABIDA-UNIVERSITY OF CHICAGO INSTITUTE AND THE DEPARTMENTS OF PEDIATRICS 
AND BIOCHEMISTRY, UNIVERSITY OF CHICAGO 


Communicated by L. T. Coggeshall, March 12, 1963 


Embryonic induction has been studied extensively by numerous investigators. 
Whereas much is known concerning the morphological details of these phenomena, 
little is known of the biochemical events coincident with the characteristic morpho- 
logical changes. The induction of cartilage in somites under the influence of ventral 
spinal cord' and notochord has been studied extensively both in vivo and in vitro. 
This system seems particularly amenable to further analysis since the chemical 
nature and the pathways of biosynthesis of cartilage matrix are rapidly becoming 
evident. The discovery that cartilage induction occurs in vitro when a millipore 
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filter is interposed between the spinal cord and somites? and the recent claims that an 
active extract may be prepared from spinal cord and notochord*: 4 suggest that this 
system may be valuable for the elucidation of the mechanism of induction. 

The work to be reported here was undertaken in order to determine the change 
in biochemical competence coincident with the change of somites (precartilage) to 
cartilage. Lash, Holtzer, and Whitehouse’ have reported that the macromolecules 
characteristic of cartilage appear only when morphologically distinguishable matrix 
is formed. In contrast, earlier investigators detected the incorporation of radio- 
active sulfate in precartilage somites.°~'° Okada suggested that the S*® was incor- 
porated into a precursor of sulfomucopolysaccharides while Johnston and Comar 
believed that intracellular inorganic S*O,4 was accumulated before the occurrence of 
chondroitin sulfate synthesis. The latter authors did, however, observe meta- 
chromatic material in early embryonic tissues, 

Our studies, undertaken to describe the induction phenomenon, led to the un- 
expected finding that extracts of somites of chick embryos as young as stage 11-12, 
as well as extracts of notochord and spinal cord, contained a sulfated mucopolysac- 
charide. This communication details the evidence for the isolation of chondroitin 
sulfate from these materials. 

Materials and Methods.—Fertilized White Leghorn eggs were incubated at 38.5-39.5°C for varia- 
ble periods of time in order to obtain embryos of stages 11-12, 14-15, 16-17, 18, 22, and 23." 
Membranes and ventral tissues were removed. The head was severed below the otocyst, and the 
remainder of the embryo was divided into three portions of approximately equal length designated 
as cephalic, middle, and tail segments. Segments of embryos, stages 16-17, 18, and 23, were 
treated with 1% trypsin solution for 2 min, washed, and flushed in and out of a capillary pipette 
to separate the somites, spinal cord, and notochord. Tissues were collected separately in capillary 
tubes, 0.8 mm in diameter and 90 mm in length, sealed at one end. Five to ten microliters of 
papain (2 X crystallized Worthington Biochemical Corp.) solution (3.7 mg per ml) in a 0.1 M 
sodium acetate buffer, —0.1 M acetic acid, 0.1 M sodium acetate, 0.005 M cysteine, 0.005 M 
disodium versenate pH 5.5, were added to each capillary tube, and the mixture was incubated 
for 2 hr at 60°C. Almost complete solubilization of tissues resulted. Other segments of embryos, 
stages 11-12, 14-15, and 22, were not trypsinized and therefore the whole segment was digested 
with papain under the same conditions as above. After solubilization, some samples were hydro- 
lyzed with hyaluronidase (testicular hyaluronidase, Armour Co. lot 318088, activity 100 units per 
mg of weight) or ribonuclease crystallized from ethanol (Worthington Biochemical Corp.) in the 
same capillary tubés after inactivation of the papain at 110°C for 15 min in sealed capillaries. 

With sterile technique, 10 eggs were injected, before incubation, directly into the yolk with 
40uC of NaS*O,. After 66 hr of incubation, when embryos had reached stage 16-17, the cephalic, 
middle, and tail segments were collected and digested with papain without previous trypsinization. 
The tissue extracts of this experiment, as well as the tissue extracts of intact embryos of other 
stages, were applied to cellulose-acetate paper (Sepraphore, Gelman Instrument Co.) for micro- 
electrophoresis'* under the following conditions: phosphate buffer pH 6.9, 10 volt/em, 30 min. All 
electrophoreses were carried out under Varsol except when S*O, was used. Chondroitin sulfate 
A from bovine cartilage (hexosamine: sulfate ratio 1:1) was used as a standard, and the paper 
strips were stained with acridine orange, destained with running tap water, and observed under 
ultraviolet light. When the S*O, was used, the paper strip was cut into three segments of ap- 
proximately 2 cm? each: (A) included the origin; (B), the area of the polysaccharide staining; and 
(C), the area distal to the polysaccharide toward the positive pole. Radioactivity was measured 
in a Tricarb Liquid Scintillation counter for 5 min, tap 5.25, in vials containing 14 ml of 2,2-p- 
phenylenebis (5-phenyloxazole) (DPO-POPOP). The presence of acridine orange causes an 
initial burst of spurious counts; counting was therefore delayed until the subsidence of this 
phenomenon. 


Results —All tissue extracts of the embryos studied, whether obtained from 
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somites alone, spinal cord-notochord, or 
the whole segment, contained material 
with the same electrophoretic mobility as 
the chondroitin sulfate A. Figure 1 shows ona @ 
the results obtained with tissue extracts 
of embryos of stage 11-12. The poly- 
saccharide of the cephalic, middle, and tail 
segments did not differ in mobility rela- 
tive to each other or the standard. <A 


similar procedure, applied to extracts of ca 


CHONDROITIN - 


> 
CSA-A - > 


CEPHALIC 


MIDOLE 


the heads of embryos of all stages and to 
the limb buds of embryos of stages 22 and 
23, revealed the presence of polysaccha- 











rides of similar mobility. Fig. 1.—Electrophoresis of papain-treated 

Treatment with deoxyribonuclease (1 _ tissue extracts of cephalic, middle, and tail 
X crystallized from beef pancreas, Worth- we se see pecan fo rt 
ington Biochemical Corp.) of tissue ex- nucleic acid. Staining was carried out with 
tracts of embryos, stage 23, failed to show acridine orange. 
any changes in the polysaccharide spots, but the density of the staining at the origin 
was much lighter. Under these electrophoretic conditions deoxyribonucleic acid 
from GS bacteria!*: '* used as a standard remains at the origin. 

After ribonuclease hydrolysis of papain-treated chick embryo tissues (stage 16- 
17), samples were applied on cellulose-acetate paper and electrophoresis was carried 
out as described above. Acridine orange staining showed one spot for each sample 
with a mobility similar to chondroitin sulfate A, although lighter than the non- 
ribonuclease treated samples. Ribonucleic acid (Nutritional Biochemicals Corp.) 
migrates with approximately the same mobility as the chondroitin sulfate A stand- 
ard and the polysaccharide present in the embryos. Therefore, when samples were 
hydrolyzed with ribonuclease, the spots were lighter since all staining was now due 
to mucopolysaccharide. 

Hyaluronidase hydrolysis of chick embryo tissues, stages 11-12 and 16-17, dem- 
onstrated that the polysaccharide was sensitive to this enzyme, for there was no 
acridine orange stainable material with the mobility of chondroitin sulfate A stand- 
ard. Since testicular hyaluronidase hydrolyzes only hyaluronic acid, chondroitin- 
sulfuric acids A and C, and their desulfated form, chondroitin, these results indicate 
the presence of one of these compounds. The mobility indicates, however, that the 
material is chondroitin sulfate A and/or C. At the origin, deoxyribonucleic acid 
could be clearly demonstrated. 

Since both the somites and spinal cord-notochord contain material with the same 
electrophoretic mobility, the embryos obtained from eggs injected with S*O, (stage 
16-17) were not treated with trypsin, and the segments were pooled according to 
their location in the embryos. Results obtained on four embryos are described in 
Table 1. Similar results were obtained on four other embryos. 

Work is in progress at present to further identify chemically the mucopolysac- 
charides present in chick embryos, stages 16-17 and 22-23. With the cetylpyr- 
idinium chloride fractionation method described by Schiller, Slover, and Dorf- 
man," we have been able to separate two fractions in tissue extracts of embryos 
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TABLE 1 
Segment A* (epm) Bt (epm) Ct (epm) 
Cephalic 47 720 28 
Middle 37 670 34 
Tail 40 765 26 
* Origin. 


t Area of polysaccharide staining. 
t Area distal to polysaccharide staining. 


One fraction forms a cetylpyridinium chloride precipitate soluble in 0.4 M 
NaCl and demonstrates an electrophoretic mobility less than that of chondroitin 
sulfate A and a second fraction soluble in 1.2 12 NaCl whose electrophoretic mo- 
bility is the same as chondroitin sulfate A. The 0.4 M fraction also contained 
traces of material that migrated as does 
chondroitin sulfate A. The lower mo- 
bility and the solubility of the cetylpyri- 
dinium precipitate suggest that this 
12M NaCe - material is of low sulfate content. 
Discussion.—The data presented in 
ca ‘ this paper indicate that somites of chick 
embryo as early as stage 11-12 already 
contain a substance which has been tenta- 
tively identified as chondroitin sulfate A 
and/or C. The electrophoretic mobility, 


stage 22-23. The electrophoretic mobility of these fractions is illustrated in Figure 2. 





04M.NaCL - oe «sD 


CHONDROITIN - 


CSA-A - 


CSA-C - sensitivity to hyaluronidase, lack of sen- 
sitivity to ribonuclease, incorporation of 
radioactive sulfate, and typical staining 
with acridine orange strongly support this 
of chick embryos stage 22-23 after cetylpyri- identification. Similar material has been 











Fic. 2.—Electrophoresis of tissue extracts 


dinium chloride fractionation. Staining was 
carried out with acridine orange. 


found widely distributed through early 
chick embry os. 

Our results suggest that precartilage cells as well as other noncartilage-forming 
cells already have the capacity to form chondroitin sulfate. Nevertheless, 
the extensive studies on cartilage induction indicate that the interaction of these 
cells with some factor apparently originating in ventral spinal cord and/or noto- 
chord results in a profound change leading to the formation of morphologically 
recognizable cartilage. It is obvious that available data do not permit the ex- 
planation of this phenomenon. Certain aspects of the biosynthesis of cartilage 
matrix, however, bear emphasis. It is apparent that the integrity of cartilage ma- 
trix depends upon the formation of a high-molecular weight chondroitin sulfate- 
proteincomplex.'®: "It has been shown that the chondroitinsulfate-protein complex 
turns over as a unit in rat costal cartilage.’ The metabolic sequence responsible 
for the formation of complex is still not entirely known but it would appear that 
polymerization of uridine nucleotides results in the formation of a low-sulfated or 
nonsulfated chondroitin,'® which is subsequently sulfated.” It is apparent, how- 
ever, that formation of cartilage matrix requires not only the formation of the poly- 
saccharide moiety, but a specific protein as well. Thorp and Dorfman*! have dem- 
onstrated by direct chemical isolation the presence of intracellular chondroitin 
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sulfate in embryonic chick epiphyses. It is unknown whether for extrusion to form 
matrix the complete macromolecule is required. If this be true, cells competent to 
form chondroitin sulfate may not extrude matrix unless an appropriate level of 
synthesis of the required specific protein has been achieved. Viewed in this light, 
the induction of cartilage may be concerned with the relationship of polysaccharide 
and protein synthesis. While these considerations are at present highly conjec- 
tural, they obviously point to new approaches to the problem of cartilage induction. 

That precartilage cells contain the genetic information for the formation of 
chondroitin sulfate is not surprising. Recent genetic studies have resulted in the 
formulation of several mechanisms for the control of gene action.?? No experi- 
mental proof of the applicability to embryonic differentiation is as yet available. 

Summary.—Papain-treated chick embryo tissues from stages 11-12 to 23 contain 
a mucopolysaccharide with the same electrophoretic mobility as normally sulfated 
chondroitin sulfate A. Hydrolysis with ribonuclease, deoxyribonuclease, and hyal- 
uronidase demonstrated that this material is sensitive to the latter. Marked 
incorporation of S*®O, was obtained in vivo by embryos stage 16-17 in this muco- 
polysaccharide. In chick embryos stage 22-23, fractionation with cetylpyridinium 
chloride of the tissue extracts demonstrated the presence of mucopolysaccharides 
with different degrees of sulfation judging by their electrophoretic mobility and salt 
solubility. 


* These studies were supported by grants from the National Institute of Arthritis and Meta- 
bolic Diseases, (USPHS No. AMO05996-02), The National Foundation, and the Chicago Heart 
Association. 
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MOLECULAR FACETS OF MITOTIC REGULATION, I. 
SYNTHESIS OF THYMIDINE KINASE* 


By Yasuo Horra AND HERBERT STERN 
BOTANY DEPARTMENT, UNIVERSITY OF ILLINOIS, URBANA 


Communicated by David R. Goddard, March 13, 1963 


This report, although concerned with a specific enzyme, is aimed at revealing a 
pattern of behavior which may generally underlie the component events of the 
mitotic cycle. The experiments have been performed on a specialized group of cells 
which are antecedents of pollen—the microspores of Lilium longiflorum (var. Croft). 
During the life of the microspore, which extends for several weeks, thymidine kinase 
activity (and other biochemical activities) appears at a precisely defined time and 
endures for no more than 24 hours.':? The periodicity is demonstrable in both 
intact cells and their extracts. The question raised as a result of this observation 
concerned the mechanism by which a cell whose interphase spanned several weeks 
could regulate the appearance and disappearance of a specific enzyme activity in 
the course of 24 hr. The results which follow provide a partial answer to this ques- 
tion. 

Methods.—Lily anthers were cultured by the technique recently described for 
those of a related genus, T'rillium.* Each group of six anthers was placed in a tube 
containing 0.2 ml of ‘‘Hoagland’s medium.” The medium is adequate for anthers 
only at the stages of development studied; earlier stages, or longer growth periods, 
require a far more complex medium. All cultures were maintained at 15°C by 
keeping the tubes in a waterbath. 

Thymidine kinase was assayed as previously described.? Fractionation of 
microspore proteins for electrophoresis was carried out in the following way: the 
microspores were homogenized in 0.33 M sucrose-0.004 M MgCl.—0.05 M Tris 
buffer, pH 7.0 (“SMT” solution) with a Teflon pestle. After checking microscopi- 
cally for the absence of the whole cells, the suspension was centrifuged at 1,500 
xX g for 8 min. The pellet was washed once with SMT and the combined super- 
natant solutions centrifuged at 32,000 XX g for 20 min. Analyses of the 
fractions thus sedimented are not considered here. The supernatant solu- 
tion was spun at 36,000 rpm for three hr in a Spinco preparative centrifuge using an 
SW-39 rotor. The soluble fraction was 90% saturated with ammonium sulfate at 
0°C and allowed to stand for 20 min, and the precipitated proteins were collected by 
centrifugation. The clarified solution was lyophilized and checked for enzyme 
activity. The precipitate was washed once with saturated ammonium sulfate solu- 
tion, dissolved in 0.05 M phosphate buffer (pH 7.6), and dialyzed against M/200 of 
the same buffer 4—5 hr with continuous stirring and 4 changes of outer solution. 
The dialyzed solution of protein was lyophilized and dissolved in '/, the original 
volume of water. It was used as such for electrophoretic resolution. Protein was 
determined with either the Nessler or Folin reagent. 

Results.—Predictability of periodicity in cultured anthers: The sequence and tim- 
ing of those events studied in cultured anthers are shown in Figure 1. Two features 
of this sequence deserve emphasis. First, the pattern of periodicity is much the 
same as that which has been observed on the intact plant; regulation is therefore 
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independent of the parent 
plant. Second, the  se- 
quence and timing are repro- 
ducible. The experiments y MITOSIS 

conducted would have been DNA a sens eeiienean 
impossible without the pre- 
dictability of thymidine 
kinase appearance within 1 
day. For any group of six 
anthers removed from the 
plant, the expected time of 
appearance was computed 
from the bud length and the 
regression line (Fig. 1). 
Since each analysis required 
the removal of a_ single 
anther, intervals between 
the six possible analyses 
varied from 12 to 24 hours. ga er aoe 4 ree as pa 
Consistent removal of one eiein ” - e 


set of microspores at the 
: — eae Fic. 1.—Timing of mitotic events in lily anthers cultured at 
point of maximum kinase 15°C. The dotted line included for comparison represents the 
activity was therefore un- relationships between flower bud length, time of growth, DNA 
Ton . s ’ synthesis, and mitosis in the intact plant; it is based on the 
likely. It will be — that data of Taylor and McMaster.” The times of events indicated 
the absolute magnitude of on the solid line were experimentally determined: d. ribosides 
+ aes ake variee al. (production of deoxyribosidic compounds); kinases (the ap- 
individual peaks varies, al pearance of thymidine and thymidylic kinase), DNA syn- 
though only one peak is thesis, and mitosis. The usefulness of the slope was made 
. : ° evident by the fact that the occurrence of each of the events 
present in each group of could be predicted within +1 day for anthers removed from 
anthers. buds ranging from 35-48 mm in length. 


Penetration of reagents: 
Unlike the behavior of other plant tissues, anthers show a marked resistance to 
diffusion of externally added substances into the microspores. This resistance 
is partly overcome by the technique of culture; pertinent data are given else- 
where.* Using isotopic compounds as markers, it has been found that rela- 
tively little accumulation occurs during the first 60 hr. Within five days, how- 
ever, much of the label is removed from the medium, and at such time the fraction 
of the total label present in the microspores equals or exceeds the ratio of micro- 
sporal tissue to that of the anther as a whole. The accelerated accumulation of 
added reagents following two days of exposure to the medium is characteristic of the 
amino acids and nitrogenous bases tested. There is, moreover, no close parallel 
between the extent to which these substances are utilized in syntheses and their 
rates of accumulation. For the purposes of comparison, three days were arbitrarily 
set as the time required for added reagents to reach the microspores in effective con- 
centrations. The arbitrariness is unavoidable but is not a serious bar to the inter- 
pretation of results. 

Effects of inhibitors of RNA or protein synthesis: The first objective was to 
determine whether the short-lived appearance of enzyme activity during microspore 
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interphase represented a de novo synthesis of enzyme. Paucity of material pre- 
cluded its isolation and the direct measurement of absolute amounts. Instead, an 
indirect approach was followed, based upon established evidence of the inhibitory 
effects of various reagents on protein synthesis. 8-Azaguanine (and later, 5 fluo- 
rouracil) were used to distort the synthesis of RNA.*® DNA would be unaffected 
since it is not synthesized during the interval stated. Chloramphenicol was used 
to interrupt the presumed translation of RNA information.’ 5-Methyl tryptophane 
and ethionine were 
A B introduced to block 
or distort the pat- 
tern of amino acid 
incorporation into 
protein. The re- 
sults of these tests 
were single and 
uniform (Fig. 2A): 
all the reagents, if 
added prior to the 
normal appearance 
of enzyme activity, 
virtually abolished 
such activity. As 
might be expected, 
none of thesucceed- 
sini ing steps in the mi- 
Fic. 2.—Inhibition of appearance of thymidine kinase by various totic cycle followed. 
reagents. Anthers were cultured in 0.2 ml of standard medium except 32 P-phosphate was 
ir te adicen a atid area: Saori CO) anh - Anand 
azaguanine (8-ag), 0.02 mg. Assay conditions described in text. (A) Into DNA even 5 
[anihtor ede st beginning of culture period. Anther takes from days Inter than the 
selections and are typical for the eight or more series run with each normally occurring 
inhibitor; in no case did treated microspores show activities above 370 interval of synthe- 
cpm; in most cases the highest value for any set was considerably 2 
lower. (8B) Inhibitors added at times indicated. To interpret these SIS, nor were any 
results allowance must be made for the lag i in uptake of reagents by nuclear divisions 
microspores which is of the order of 2-3 days. The ineffectiveness 
of azaguanine and chloramphenicol when added beyond a certain bud observed, although 
length is patent. Ethionine and 5-methyl tryptophane were not tested the cells were vi- 
in this way. Activities are expressed as total counts per microspore : 
from '/2 anther. able. In this set 
of experiments all 
reagents were added 8-10 days before the expected appearance of the enzyme. 
Allowing 3 days for accumulation in the microspores, it may be estimated that 
the inhibitors were present for at least 5 days prior to the time at which en- 
zyme activity normally appears. If such appearance is due to a synthesis of pro- 
tein by the commonly accepted sequence of molecular events, then an interval of 
greater or lesser duration should exist immediately prior to, or coincident with, the 
appearance of enzyme activity when the reagents are no longer effective. It is 
possible to specify intervals within an error of + 1 day, and this is sufficient for our 
present purpose. It may be seen from Figure 2B that if azaguanine is added 4'/2 
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days before the appearance of the enzyme, it is no longer an effective inhibitor. It 
would therefore appear that azaguanine must be present in the microspores at least 
1-2 days prior to the normal spurt in enzyme activity. Similar remarks apply to 
chloramphenicol except for the indication that the latter is still effective at a time 
when azaguanine no longer inhibits. This relationship is so gratifyingly compatible 
with current interpretations of the molecular sequence in protein synthesis, but so 
close to the margin of error in our experimental timing, that it is best to consider the 
result as a fortuitous association rather than as an established demonstration. 

The fact that azaguanine had much the same effect, whether added 10 or 4 days 
prior to the expected appearance of enzyme, made it probable that the process in- 
hibited was of limited duration and oecurred no earlier than 2-3 days before the 
enzyme appeared. If so, then addition of guanine before that interval should re- 
verse the effect of azaguanine irrespective of the time at which the latter was ad- 
ministered. It was first established that guanine itself had no effect on the periodic- 
ity of the enzyme and that azaguanine was ineffective if added simultaneously with 
guanine. The results of adding either guanine or a mixture of guanine-azaguanine 
at various times after administration of az- 
aguanine alone are shown in Figure 3. The 
observed behavior thus bears out the inter- 
pretation. A secondary effect of the re- 
versal may, however, be noted. Frequently, 
though not always, the peak of enzyme ac- 
tivity following reversal is broader than the 
normal. It appears as though the combina- 
tion has not only restored the ability of the 
microspores to form enzyme but has some- 
what interfered with its regulated removal. 
This point will be discussed elsewhere. 

Incorporation of labeled amino acids in re- 
lation to enzyme appearance: Taken to- 
gether, the first sets of experiments are most 
simply interpreted as demonstrating that the 
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Fic. 3.—Reversal by guanine of in- 
hibitory action of 8-azaguanine. Solid 
arrows indicate time at which 0.02 mg 


appearance of thymidine kinase in the mi- 
crospores is dependent upon a synthesis of 
RNA and protein. If labeled amino acids 


of azaguanine (S-ag) was added. Circles 
represent experiments in which anthers 
were ris ki (open arrows) to 
standard medium saturated with guanine 


are added to the culture medium 8-10 days  (g);_ triangles represent those in which 
before the expected appearance of enzyme, pei imap yh eaieied 
and the soluble proteins of the microspores had no effect. First measurements of 
analyzed a few days before and during the ee satay lawn Di. posse le 
interval of enzyme appearance, the ratio of | may be noted in some of the plots; the 
their respective activities is 840:4,250. Dif- effect was frequent. 
ferences related to other protein fractions are also evident but they are inciden- 
tal to the present problem. Chloramphenicol or azaguanine which inhibit the 
appearance of thymidine kinase also suppress the labeling of the soluble proteins. 
Results from experiments with labeled amino acids are thus consistent with the 
conclusion drawn from the first set of studies. 

The general correspondence between protein synthesis and thymidine kinase 
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activity falls short as a demonstration that the enzyme, or part of it, is one of the 
protein components synthesized. To clarify this point the soluble proteins were 
fractionated electrophoretically. A large number of anther groups was cultured in 
the presence of labeled amino acid, and microspores were isolated before, during, 
and after the expected time of enzyme appearance. The results of this experiment 

are shown in Figure 
6.0000, 4. The most  per- 
\¢ tinent feature of 


ow 


the graphs is that 
only during the in- 
terval of enzyme 
appearance do the 
soluble proteins of 
the microspores 
show a_ labeled 
component —coin- 
cident with the 
position of enzyme 
a lor prac- 
ical reasons it was 
pest to deter- 
| : mine the specific 
haere ste ye et ee Sea PITT ST es io activity of the pro- 
FRACTIONS tein in the enzyme 
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Fig. 4.—Electrophoretic separation of soluble proteins from micro- region. The cellu- 
spores before (A), during (8), and after (C) appearance of thymidine perenne ae 
kinase activity. In order to obtain sufficient material for analysis, lose acetate strips, 
microspores from 36 or 48 anthers were pooled for each run. C ulture when stained with 
conditions were standard except for the addition of 1 microcurie of C- Baal / , E 
leucine (S.A. = 4 we/mg) per tube containing 0.15 ml of Hoagland’s migrosin, showed & 
solution. Buds of approximately 39-42 mm were used in these experi- characteristic pat- 
ments and the labeled amino acid added at the start. Selection of e f bands 

: 5 al 5 tern Oo ands 
microspores at desired intervals from each set of anthers was made on . 
the basis of the curve in Fig. 1. Preparation of soluble fraction is de- which, on the 
scribed —_ Methods. Negligible amounts of enzyme activity were whole, changed lit- 
present in (A) and (C); shaded bars indicate position of enzyme when ’ : 
present. Cellulose acetate strips (2 cm width) were used in these tests. tle during the in- 
The position of origin is indicated by a solid arrow. Runs were at 2°C eae, eee es te 
for 6 hr with 1.4 mamps of current and at a pH of 7.4 (0.05 M phos- te rvals teste d. The 
phate). Values recorded are total for each pool of aah som In(A) positions of the 
and (B) two separate experiments were run, one with 36 anthers, the bands provided a 
other with 48. . ‘ 

convenient way of 
identifying the location of enzyme, but stain at the locus of the enzyme was undetect- 
able. It may be surmised that protein at the region of enzyme had a comparatively 
high specific activity, but no quantitative measure of such activity isavailable. The 
difference in over-all levels of radioactivity between the curves in Figure 4A and 4B 
reflects the fact (noted above) that there is a greater incorporation of label in soluble 
proteins during the interval of enzyme appearance. The difference in patterns be- 
tween Figure 4B and 4C indicates a pronounced synthesis of some other type (or 
types) of protein following the appearance of enzyme. Since the amount of enzyme 
activity in A or C was much too small for detection, the distances from origin and 


band pattern were used to approximate the position of the enzyme. It is to be 
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noted that microspores isolated for Figure 4C were exposed to label during the 
formation of enzyme activity. The experiment was intended to determine whether 
disappearance of enzyme was paralleled by a disappearance of label in the enzyme 
region. In this respect the results can hardly be considered decisive. The open 
circle curve in Figure 4B is comparable with that in 4C since they represent ex- 
tracts from the same number of microspores. Thus, to the extent that the level of 
activity is lower in the region of the enzyme and that the pattern of label distribu- 
tion has shifted, the results bear out the conclusion that the original enzyme protein 
has been removed. 

In a different set of experiments using 14 C-alanine it was noted that incorporation 
of label into soluble proteins over an 8-day period was only partly suppressed if 
either azaguanine or chloramphenicol were added at the same time as the amino 
acid. The effect was far more pronounced with chloramphenicol, but, since the two 
reagents appeared to be equally effective in inhibiting the appearance of thymidine 
kinase, it seemed reasonable to expect in the case of treated cells that virtually no 
radioactivity would be present on the electrophoretic strip in the region of enzyme if 
that region contained principally enzyme pro- 
tein. The curves in Figure 5 make it plain 
that suppression of enzyme appearance is 
matched by an absence of label in the enzyme 
region. Taken together, all the experiments 
thus far reported point in one direction: a syn- 
thesis of either a part or the whole of the en- 
zyme, thymidine kinase. Thus, the likeliest 
explanation of the initial phase of the phenom- 
enon under examination—the regulated ap- 
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pearance of enzyme activity at a fixed point of 
interphase—is that the process being observed 
is an induction of enzyme synthesis. 
Discussion.—The target of these studies has 
been to disclose some of the mechanisms which 
a cell may utilize to regulate its cyclical be- 
havior. Such studies have been possible. be- 
‘ause the microspores in lily are synchronized 
in development and because the sequential 
events in their life cycle are sufficiently sepa- 
rated in time to permit individual study. It is 
now apparent that a shift in metabolic processes 
at a characteristic phase of the cycle has all the 
earmarks of induced enzyme synthesis. We 


do not know the nature of the inducer nor its locus of origin. 


Fig. 5.—Effect of chloramphenicol 
and azaguanine on incorporation of 
'“C-alanine into soluble proteins at 
times when appearance of thymidine 
kinase is inhibited. Conditions of 
culture and electrophores are similar 
to that under Fig. 4, 1 yweurie of '*C- 
alanine replacing that of 'C-leucine. 
ease po of 48 anthers were pooled 
for each of these experiments. The 
total soluble protein in each pool was 
350 micrograms. In all cases micro- 
spores were removed for analysis at 
the time when enzyme appearance 
was expected. '/i of each fraction 
eluted from acetate strip used for 
enzyme assay, and values recorded are 
total counts of thymidylic acid pro- 
duced. 


The parent plant 


plays no immediate role since the microspores undergo a normal cycle of develop- 
ment in anthers which have been put in culture weeks before the occurrence of 
mitosis. Since no attempt was made to culture the microspores in isolation, it is 
idle to speculate on whether the stimulus to induction is of exogenous or endogenous 
origin. What appears to be the most significant aspect of these studies is the evi- 
dence that a cell may use identical mechanisms for regulating internal cycles of 
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development and for adapting to novel nutritional conditions. — It seems reasonable 
to suppose that the periodicity in other biochemical activities of the microspores 
may be regulated by mechanisms similar to that governing thymidine kinase. If 
so, then, in the ultimate sense at least, the problem of mitosis is a problem of regu- 


lated gene action. 
Summary.—The brief appearance of thymidine kinase activity prior to DNA syn- 
thesis in microspores of Lilium is due to ade novo synthesis of protein. The chain of 


events leading to such synthesis begins with the formation of RNA; any of the 
steps in the sequence may be blocked by an appropriate inhibitor. 
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POLYRIBOSOMES IN- NORMAL AND POLIOVIRUS-INFECTED HELA 
CELLS AND THEIR RELATIONSHIP TO MESSENGER-RNA* 
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AND JAMES IE. DARNELL 


DEPARTMENT OF BIOLOGY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY 


Communicated by S. E. Luria, March 26, 1963 


An extensive body of evidence has accumulated in the past two years in support 
of the hypothesis that protein synthesis is directed by strands of “‘messenger- 
RNA” (m-RNA) which are attached to ribosomal particles.'' 2 From the analysis 
of attachment to ribosomes of nucleic acids and synthetic polyribonucleotides which 
stimulate protein synthesis in vitro,’~> as well as a study of the ribosomal compo- 
nents active in the synthesis of protein in £. coli,® it appeared that aggregates con- 
taining more than one ribosome existed. Examination of the ribosomal comple- 
ment of rabbit reticulocytes led to the clear demonstration that a unit composed of 
several (probably 5) ribosomes was responsible for the majority of the protein 
synthesis.7~* This unit was resistant to treatment with sodium desoxycholate, a 
salt commonly used to dissolve membrane material from animal cell sources, but 
was readily subject to reduction in size by pancreatic ribonuclease. The conclusion 
was drawn that the polyribosome or polysome, as the large structure has been 
called, probably consisted of a strand of messenger-RNA (m-RNA) to which a 
number of ribosomes were simultaneously attached. A similar conclusion has been 
reached independently by Wettstein et a/.,'° who have studied functioning ribosomal 
aggregates from rat liver. 

An examination of the RNA responsible for protein synthesis in cells derived 
from whole animals is complicated by the difficulty in using radioisotopes in satis- 
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factory concentrations. HeLa cells, however, provide a favorable material since 
(1) they represent a homogenous population of animal cells growing exponentially 
with a generation time of 18-24 hr; (2) information is available about the rates and 
types of RNA synthesized by these cells;'' and (3) poliovirus (an RNA virus) 
multiplies well under controlled conditions in these cells. The experiments pre- 
sented here demonstrate that there are, in the cytoplasm of HeLa cells, polysomes 
of various sizes which contain a fraction of RNA with characteristics of m-RNA. 
In addition it is shown that in a poliovirus-infected cell, where the functioning 
m-RNA is probably the virus RNA itself® (2 X 10° mol. wt.), polysomes of very 
large size are assembled. 

Materials and Methods.—Cells and virus: The techniques of cell growth in suspen- 
sion cultures and of virus infection and purification have previously been described. '” 

Cell fractionation and analytical procedures: Cytoplasmic extracts of 4-8 X 107 
HeLa cells were made by centrifuging the cells out of growth medium (3 min at 
800 g), washing twice with Earle’s saline,'? and resuspending in 2 ml of a standard 
buffer used for rabbit reticulocytes’ (RSB = 10~-2./ tris pH 7.4, 10-? W KCl and 
1.5 X 10-*M MgCl). The cells were allowed to swell in this hypotonic buffer for 
5 min and were given 6-10 strokes in a tight-fitting Dounce homogenizer, after which 
the nuclei were separated by centrifugation (10 min at 800g). Sodium desoxycho- 
late was added to a final concentration of 0.5% and the extracts were immediately 
layered on 5-20% W/W sucrose gradients in RSB. After ultracentrifugation, 
fractionation of the gradients was accomplished as previously described,'! and the 
contents of the gradient were continuously analyzed for UV absorbance at 260 my 
using a Gilford recorder. Accurate analysis of 0.2 to 0.3 O.D.2% units dispersed 
into 4-5 ml is possible with this technique. Extraction, sedimentation analysis, 
and determination of base composition of RNA have been described.'! 

Use of radioactive precursors: C'*-labeled amino acids (23.6 uwe/umole carbon) 
and algal protein (1000 ue/mgm) hydrolysate were obtained from New England 
Nuclear Corporation, and P*? was obtained from Oak Ridge. Incorporation 
of labeled precursor was halted by pouring the culture over an equal volume of 
frozen, crushed 0.14 MW NaCl. 

Results.—When cytoplasmic extracts of HeLa cells were subjected to sedimenta- 
tion analysis, a large amount of UV-absorbing material was found to sediment as 
a broad band representing S values from 150 to 400. Figure 1 shows that these 
structures, presumably polyribosomes, were active sites of protein synthesis since 
they contained over 50 per cent of the radioactivity incorporated in a 1 min pulse of 
C' valine, while the 74S peak, which represents single ribosomes, was not labeled. 
The specific activity was uniform from about 180 to 3008S with the greatest number 
of counts in a 2008 peak. It can be estimated* '° that a structure of 2008S probably 
contains 7 or 8 ribosomes. The 1 min label period was chosen because in pre- 
liminary experiments it was found that the total acid-precipitable radioactivity in 
the polysome region after 3 or 6 min was not significantly greater than after 1 min, 
whereas the acid-precipitable radioactivity at the top of the gradient increased. 
This implies that the length of time required for the manufacture and release 
of most peptide chains in HeLa cells has an upper limit of about 1 min, which 
conforms with the estimate of Dintzis'® that a hemoglobin chain requires 1 to 1.5 
min for completion and release. 
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Fic. 1.—Sedimentation analysis of cycloplasmic extracts of HeLa cells. Logarithmically grow 
ing HeLa cells at 4 X 10° cells/ml were collected from 200 ml of culture by centrifugation at 
25-30° and resuspended at 37° in Eagle’s medium!? (dialyzed serum) containing !/ the normal 
amino acid concentration. After 45 min incubation at 37° the cells were labeled for 1 min by 
adding 10 we of valine C4 (115 we/umole). Then the cytoplasmic fraction was prepared as de- 
scribed under Methods. Before sedimentation analysis in sucrose gradients (55 min at 24,000 
rpm, SW 25 rotor of model L Spinco ultracentrifuge ), one half of the cytoplasmic extract was treated 
with 1y/ml crystalline pancreatic ribonuclease (Worthington) for 10 min at 0° (B). The other 
half remained untreated (4A). The gradients were fractionated and UV absorbancy was de- 
termined. Acid-precipitable radioactivity was measured after each fraction was made I N in 
KOH and allowed to stand at room temperature for 10 min; the fraction was then precipitated 
with trichlororacetic acid (TCA) to give an excess of 5° TCA. S values were approximated ac- 
cording to the method of Martin and Ames? from comparison of mobilities of various peaks on the 
strip chart from the UV recorder, which was fed at a constant flow by a finger pump. This was 
necessary because the desoxycholate used in the preparation of cytoplasmic fractions changed 
the surface tension of the top of the gradient causing changes in drop size. The range of S values 
in the structures which incorporate amino acids is 150-400S with a peak at about 2008S. The 
marker used for comparison is the single ribosome peak, which is 74S in HeLa cells. 


Several lines of evidence indicate that the polyribosome is a structure composed 
of a number of single 748 ribosomes which sediment together in a sucrose gradient 
because they are closely packed on a strand of RNA. Figure 14 and 1B demon- 
strate that the polyribosomes are broken down to 74S units by a short treatment 
with ribonuclease at 4°. The recently incorporated C' amino acid is retained 
on the 748 ribosomes, which are themselves not destroyed by the mild ribonuclease 
digestion. Another experiment suggesting that the integrity of the polyribosome 
in the HeLa cell is dependent on an unstable fraction of RNA is shown in Figure 2. 
The interruption of a continuing supply of newly formed RNA by the addition of 
actinomycin D to a growing culture results in the loss of polyribosomes revealed by 
a disappearance of UV-absorbing material and a corresponding loss of protein- 
synthesizing capacity from the heavy regions of a sucrose gradient. (Actinomycin 
D is an antibiotic which immediately stops RNA synthesis in HeLa cells"! as well as 
in other animal and bacterial cells.'*) It has been shown in a number of systems,!® 
including HeLa cells,'? that ribosomal RNA once formed is stable. Hence, a decay 
in the rate of protein synthesis after actinomycin treatment is an indication of the 
existence of another fraction of RNA which is responsible for protein synthesis. 
Levinthal et al.'* have shown in B. subtilis that in the presence of actinomycin the 
m-RNA is unstable, and have used this system to measure its rate of decay and the 
accompanying decrease in the rate of protein synthesis. The data of Figure 2 





Vou. 49, 1963 BIOCHEMISTRY: PENMAN ET ¢ 


0 10 20 0 4 0 0 203 4 0 0 20 0 40 50 
FRACTION FRACTION FRACTION 

Fic. 2.—Fate of cytoplasmic polyribosomes after treatment of HeLa cells with actinomycin D. 
Actinomycin D (5y/ml) was added to a 200 ml culture of HeLa cells, and 3 (B) and 7 (C) hr 
afterward the cytoplasm of the cells was examined for polysomes as in Fig. 1, except that the 
cells were labeled with 6 ue of each of 8 amino acids (valine, isoleucine, leucine, arginine, proline, 
tyrosine, histidine, and lysine). A 100 ml culture not treated with actinomycin served as control 
(A). The sedimentation analysis was at 24,000 rpm for 60 min. The data presented in (B) and 
(C) for both OD and radioactivity have been corrected for the small variations in the efficiency 
of the cytoplasmic extraction procedure, by determining the total absorbancy (ODeo) of each 
extract and multiplying each value by an appropriate correction factor. 


show that in the cytoplasm of the actinomycin-treated HeLa cell, the rate of pro- 

tein synthesis, hence presumably the m-RNA, decays with a half life of 3—4 hr. 
Direct evidence of an RNA in polyribosomes distinct from ribosomal RNA is 

presented in Figure 3 and Table 1. After exposure to P** for 40 min, cells were 


TABLE 1 


ComposiTION OF Various Nuc etc Actp Fractions FroM HeLa CELLS 
———- — Per Cent of Nucleic Acid as—-—~--——_—~ 
Material Analyzed A UC) i Cc 
Polysomal RNA, pulse labeled, 6-128 25. 26.9 
Polysomal RNA, pulse labeled, 12-228 26.6 24.2 
Ribosomal RNA, 28S 20. 31.9 
168 23.2 28.0 
DNA 29. 21.4 


Methods and data for ribosomal RNA and DNA as described previously.'! Data for polysomal RNA 
= thymine; G = guanyl- 


aS 


onws) 


represent averages of 4-6 analyses. A = adenylate or adenine; U = uridylate; T 
ate or guanine; C = cytidylate or cytidine. 


fractionated and polysomes separated. Sedimentation analysis of RNA derived 
by phenol extraction from the labeled polysomes revealed (Fig. 3) that the radio- 
activity was distributed broadly (6 to 25S) with a peak around 10S. This distribu- 
tion definitely does not correspond to the 28 and 16S ribosomal RNA. The base 
composition of the 10S material as determined by the distribution of P*? among the 
products of alkaline hydrolysis of the RNA (Table 1) was also unlike ribosomal 
RNA, and the guanylie acid + cytidylic acid (G + C) content resembled more the 
G + C content of the DNA than that of ribosomal RNA. The inequality of G and 
C may be an indication that, as in bacteriophage T4,"" only one strand of DNA 
is copied to produce the m-RNA. If both strands were copied, not only should the 
G + C equal that of DNA, but the G and C contents should themselves be equal. 
Although the unequal distribution of G and C might be due to nonrandomness of 
nearest neighbors in DNA coupled with unequal specific activities in the pools of 
different ribonucleoside triphosphates, this appears to be unlikely. No important 
discrepancies arising from nearest neighbor exclusion have been found in the base 
analyses of several types of high molecular weight RNA that have been analyzed 
by P* distribution and spectrophotometrically.'* 
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Fic. 3.—Sedimentation analysis of RNA 
from polyribosomes. After incubation at 
37° for 45 min in PO,-free Eagle’s medium, 
a culture (600 ml at 4 x 10° cells/ml) of 
HeLa cells was labeled for 40 min with 
20 me of carrier-free P**. A cytoplasmic 
extract was prepared in 6 ml of RSB, 
layered onto 3 sucrose gradients, and 
centrifuged at 24,000 rpm for 70 min. 
Polyribosomes of from 180-4008 were 
collected and centrifuged at 50,000 rpm 
xX 90 min. The RNA from the pellets 
was extracted and analyzed as previously 
described.® 
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To summarize, the evidence for a strand of m-RNA to which individual ribosomes 
attach to form a polyribosome consists of (1) the instability of the polyribosome 
to mild RNAse treatment; (2) the disappearance of polyribosomes in actinomycin- 
treated cultures; and (3) the existence in polyribosomes of a fraction of RNA 
distinct from ribosomal RNA which is labeled rapidly and has a G + C content 
resembling that of DNA. 

Effect of poliovirus infection on polyribosomes: Infection of HeLa cells by polio- 
virus (an RNA-containing virus) has been observed to cause a decrease in the total 
protein synthesis and an interruption in host cell RNA synthesis.'* ® Since these 
effects might be an expression of changes in the cellular polysomes, the effect of viral 
infection on polysomes in growing cells was studied. Cultures were infected while 
in logarithmic growth, and aliquots were examined for polyribosomes 1.5 and 3.5 hr 
after infection. At the earlier time (Fig. 4), there was a small decrease (~25 per 
cent) in the number of polyribosomes as measured both by UV absorbance and 
amino acid incorporation, but by 3.5 hr (about 0.5 to 1 hr after the beginning of 
viral RNA and protein synthesis*') there was a drastic reduction (>90 per cent) 
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Fic. 4.—Effect of poliovirus infection on the cytoplasmic polyribosomes of HeLa cells. A 
200 ml culture of growing HeLa cells was infected by the addition of purified virus as previously 
described” and cytoplasmic extracts were examined for polyribosomes 1.5 (B) and 3.5 (C) hr 
after infection. Labeling was with 30 ue of algal protein hydrolysate (1000 we/mgm) in each 
culture. A 100 ml uninfected culture (A) was the control. 
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in the number of polyribosomes. This effect was considerably greater than that 
observed with 3 hr of actinomycin treatment (lig. 2), indicating that polio infection 
has a direct destructive effect on polyribosomes, and thus on cellular protein syn- 
thesis, which exceeds the effect of simply preventing a new supply of m-RNA. 
Previous observations” have indicated that in polio-infected cells there appears late 
in infection a ribonuclease-like activity which liberates acid soluble products 
from preformed cellular RNA. The destruction of polysomes described here could 
represent an earlier manifestation of this activity. 

In order to determine if polysomes specific to virus-infected cells could be ob- 
served, cultures which were to be infected were first treated with actinomycin. 
Actinomycin is known not to affect viral replication,’ but does markedly reduce 
the number of normal polysomes (Fig. 2). Figure 5 shows that actinomycin 
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Fia. 5.—The appearance of polyribosomes 

specific to the poliovirus-infected cell. A H 
culture of 400 ml of HeLa cells (4 X 105 CPM } 
cells/ml) was treated for 3 hr with actino- ! 
mycin D (5y/ml) and then concentrated A! 
to 4 X 10° cells/ml still in presence of 5y/ml 
actinomycin. Three fourths of the culture 

was then infected with poliovirus (~50 

PFU/cell) while one fourth continued as 

the uninfected control. Two hr after the 

beginning of incubation of the concentrated 

cell suspension the control (A) and the first 

infected sample (2B) were analyzed for 

poly somes as in Fig. 1. Samples were also 

taken at 2.75 hr (C) and 3.75 hr (D) after 

the oh ha of infection. The radioactive 

label used was the algal hydrolysate as in 

Fig. 4. 
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treatment plus the first 2 hr of poliovirus infection lowers the background of normal 
polysomes more than either treatment alone. Then, at a time when viral molecules 
are being formed,?! a new variety of polyribosome is observed which has an average 

S value of 380 to 400 compared to the average value of 2008 in the uninfected cell. 
: hese large structures appear both as UV-absorbing material and protein synthesiz- 
ing units in the 4008 region of the gradients. 

Discussion.—The present experiments are concerned with (1) the presence and 
properties of a messenger-RNA fraction from animal cells; (2) the role of m-RNA 
in organizing polyribosomes; and (3) the basis for the inhibition of cellular protein 
synthesis by poliovirus. 

The newly recognized species of RNA (Fig. 3 and Table 1) associated with 
the polyribosomes is definitely not ribosomal RNA (r-RNA) and shares a number of 
characteristics with bacterial messenger-RNA—preferential labeling by short 
exposure to radioisotope, heterogeneous size from 6 to over 208, attachment 
to structures that are synthesizing protein, and a base composition which reflects 
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that of cellular DNA. It appears extremely likely that this represents cytoplasmic 
m-RNA. Comparison of this material with rapidly labeled RNA from the nucleus 
of the HeLa cell'! reveals several differences. Thus, the size of the labeled material 
from the nucleus is predominantly 458, whereas RA of this size seems to be missing 
from the polyribosomes. It has been shown, however, that most of the large 45S 
material in the nucleus is ribosomal precursor, which is later specifically converted 
into 28 and 16S ribosomal RNA. Perhaps the 6 to 208 RNA in cytoplasmic 
polyribosomes also derives from a heavier nuclear precursor. Another apparent 
difference between the rapidly labeled nuclear RNA and the cytoplasmic m-RNA 
relates to stability. A large fraction of the radioactivity in the nuclear fraction 
disappears with a half life of 15 to 20 min after actinomycin treatment, while 
polyribosomal protein synthesis and presumably cytoplasmic m-RNA decay with 
a half life of 3 hr after exposure to actinomycin. These differences may indicate 
that there exists a class of nuclear messenger-R NA with very different properties from 
cytoplasmic m-RNA. Alternative explanations could be that the instability of a 
portion of the nuclear RNA is due to (1) RNA that is made and degraded without 
relation to protein synthesis, (2) inherent instability of ribosomal precursor RNA 
subsequent to actinomycin treatment, or (3) inability of m-RNA to become at- 
tached to ribosomes and thus become stabilized in the presence of actinomycin. 
Clarification of these questions will be possible only when the rapidly labeled 
nuclear fraction can be separated into its component parts. Meanwhile, it appears 
quite clear that a cytoplasmic messenger RNA exists and can be isolated from poly- 
ribosomes. 

As for the manner in which polyribosomes arise and function, it seems likely 
that groups of ribosomes are formed into polyribosomes by attaching to m-RNA. 
If this is correct, the length of the m-RNA chain should be the controlling element 
in the size of the polyribosome. In fact, the polyribosomes from poliovirus (RNA 
= 35S) infected cells have an average 8S value of about 400, while the majority 
species of cellular polyribosomes is about 2008, consistent with a smaller m-RNA 
size (6 to 258) (Fig. 3). This interpretation, derived from sedimentation studies, is 
supported by electron microscopic analysis of polyribosomes of different sedimenta- 
tion values.2? The electron micrographs show that most of the polyribosomes from 
the virus-infected cells contain many more ribosomes than the polyribosomes from 
uninfected cells. 

The following considerations can be made about the order of appearance of 
m-RNA and of ribosomal RNA in cytoplasmic polysomes. If an average polyribo- 
some contains 6 to 8 ribosomes (1.2 to 1.6 X 107 m.w.u. of RNA) and a 10 to 128 
piece of m-RNA (2.5 X 10° m.w.u. of RNA), there would be in the polysome about 
50 times more r-RNA than m-RNA. The m-RNA associated with polyribosomes is 
renewed with a half life of 3 hr, while r-RNA doubles only once in 24 hr. Hence, 
the steady state flow of total radioactivity carried by isotopically labeled RNA 
into the polyribosome would favor the r-RNA (50 X 3/24 = 6). 

Following a pulse label with P**, radioactivity in RNA is found almost entirely 
in the messenger fraction, as defined by its distinct size and base composition. 
The steady state situation then has clearly not been reached by a 40 min labeling 
with P**. This indicates that polyribosomes are formed by new m-RNA strands 
recruiting preformed ribosomes either in the nucleus or the cytoplasm. This is 
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consonant with the finding that approximately | hr elapses before a large fraction 
of the 45 and 35S nuclear RNA becomes 28 and 16S ribosomal RNA. In the polio- 
virus-infected cell, polyribosomes are also presumably formed by the attachment of 
free ribosomes to a newly introduced messenger, which must be the viral RNA_ 
itself, since this is the only RNA formed in substantial amounts in virus-infected, 
actinomycin-treated cells.'* This hypothesis, which was first formulated on the 
basis of findings with phage-infected bacteria,' is being tested by analyzing the 
types of RNA in the virus specific polysomes. 

Iixperiments with virus-infected cells may help solve an important problem which 
could previously not be resolved. It appears that inhibition of synthesis of normal 
cellular proteins, due to the dual action of actinomycin and of viral infection, is 
sufficiently complete so that most of the proteins synthesized in actinomycin- 
treated infected cells by 3 hr after infection are specified by the viral RNA. This 
may allow the eventual determination of the number and types of protein which are 
encoded by the viral RNA. 


Note added in proof: Recent experiments by M. Scharf and L. Levintow (personal communi- 
cation) have demonstrated that at least 50% of the amino acid label which is incorporated into 
protein on the specific polyribosomes from poliovirus-infected cells has the immunologic specificity 
of the subunits of the poliovirus capsid. 
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PYRIMIDINE-SPECIFIC ANTIBODIES WHICH REACT WITH 
DEOXYRIBONUCLEIC ACID (DNA)* 


By Stuart W. TANENBAUM AND SAM M. BEISER 
DEPARTMENT OF MICROBIOLOGY, COLUMBIA UNIVERSITY 
Communicated by E. L. Tatum, March 7, 1963 


Progress in a program to synthesize antigens which might be used to elicit anti- 
bodies specific for nucleic acid components has been reported.'! In the foregoing 
paper, the properties and biochemical applications of an antiserum complementary 
to purin-6-oyl residues were outlined. It was demonstrated, using the complement- 
fixation reaction, that this ‘‘anti-purinoyl”’ antibody cross-reacted with denatured 
DNA, but not with native DNA, from several species. 

This communication illustrates the principle of synthesis of polyfunctional anti- 
gens containing pyrimidine residues and describes conjugates which contain 
5-acetyluracil and uracil residues, respectively, attached through the N,(Ns3) 


position, to serum albumins. Some of the characteristics of rabbit antibodies to 


“c 


these conjugates are also delineated. The interaction between “anti-pyrimidyl” 
antisera and DNA can be demonstrated by complement fixation; the reaction 
between antibody to the 5-acetyluracil conjugate and DNA has been shown in 
addition by passive cutaneous anaphylaxis in the guinea pig. Possible uses for 
these antisera in the investigation of the biological functions of nucleic acids are 
discussed. 

Materials and Methods.—Pyrimidine-protein conjugates: These substances were synthesized by 
adaptation of the elegant methods developed by Shaw and co-workers?~‘ for synthesis of pyrimi- 
dines and (.V,)-pyrimidy]! amino acids, and for \-terminal amino acid analysis of proteins. 

Polyfunctional (5-acetyluracil-1-) bovine serum albumin (5-AcU-BSA): ‘“Ethoxyacrylamide,”’ 
mp 90-91°, was synthesized from urethane, diketene, and triethylorthoformate by following the 
published? * procedure. To a cold solution of 2.3 gm BSA (0.03 mMole, Pentex Fraction V7) in 
50 ml of water plus 20 ml 0.1 N’. NaOH (pH 11.2), 750 mg “ethoxyacrylamide” (3.6 mMoles) was 
added in small portions. After agitation for 5 min, 10 ml tetrahydrofuran and another 20 ml of 
0.1 NV NaOH were added, and the mixture was stirred at 37° for an hour. Adjustment of the pH 
to 10.3 by addition of another 4 ml of NaOH was followed by further stirring for 18 hr at this 
temperature. The mixture was then dialyzed for 24 hr against running tap water. The clear, 
orange solution (pH 7.2) was treated dropwise with 1 V HCl to bring the pH to 2.2. After stand- 
ing for 10 min, the mixture was brought to pH 5.0 with the addition of 10% NasCO;. The off- 
white, precipitated conjugate was centrifuged in the cold, and was dissolved in 25 ml 0.15 M 
NaHCO; to give a clear, rust-red solution. Addition of 27 ml 0.15 M HCl to pH 4.9 caused re- 
precipitation of the conjugate. After centrifugation in the cold, the conjugate was dissolved in 
30 ml 0.1 M phosphate buffer, pH 7.0. It was dialyzed against cold tap water for 24 hr, and then 
lyophilized to yield 2.2 gm of a light tan-colored product. 

The conjugate in phosphate buffer, pH 7.0, exhibited an absorption peak at 286 my, and at a 
concentration of 248 wg/ml had an O.D. of 1.38. On the assumption that an average 5-acetyl- 
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uracil-(V;)-acetie acid has an em of 13,500 at 286 my,’ it was calculated! that this antigen con- 
tained approximately 26 5-acetyluracil residues per mole (Mol. wt. = 70,000). 

Polyfunctional (5-acetyluracil-1-) human serum albumin (6-AcU-HSA): This conjugate was 
made by following exactly the foregoing protocol. It was estimated to contain 19 residues of 
5-acetyluracil per mole by the spectrophotometric method. 

Polyfunctional (uracil-1-) bovine serum albumin (U-BSA): One and two tenths gm of urethane 
was dissolved in 40 ml absolute ether, and an equimolar amount (0.31 gm) of sodium was added. 
After 5 hours reflux, 1.35 ml ethylpropiolate (13.5 mMole) was added, and the yellow reaction 
mixture was refluxed overnight.‘ The resultant dark brown solution and sediment were acidified 
with 75 ml of cold 1 N HeSOx,, and the ether phase was washed seven times with water to remove 
excess acid. After drying over NasSO,, the ether was flash-evaporated to give a reddish brown 
oil. A solution of 2.3 gm BSA in 50 ml 0.1 NV NaOH was added to the foregoing ethoxymethylene- 
acetylurethane, and the reaction was stirred at 37° overnight. The conjugated protein was iso- 
lated, reprecipitated four times, and was lyophilized as described above. By analogy with re- 
ported values for 1-methyluracil’ and for l-methyl, 5-bromouracil,® it was assumed that 1-a- 
aminocaproyluracil would have an em of ca. 9,500 at 280 my and pH 7.0. Based on this premise, 
it was estimated from spectrophotometric measurement that the conjugate contained 9-10 residues 
of uracil per mole. 

Haptens; 5-acetyluracil-(1)-caproie acid—To 5 ml of 2 N KOH was added 4 mMole of e& 
aminocaproic acid (524 mg). After solution, 1 gm “ethoxyacrylamide’’ was added. An exo- 
thermic reaction ensued and the mixture turned yellow. After heating in the waterbath 10 
minutes, the reaction was chilled and 0.40 ml 77° HeSO, (11 mMoles) was added. The white 
precipitate was centrifuged, washed with water, and was recrystallized from boiling water, After 
asecond crystallization, the derivative (800 mg), mp 187—188° (Al max 286 my, A2 max 233 mag, in 
phosphate buffer, pH 7.0) was obtained. It was dried over H2SO, in vacuo for analysis. 

Analysis: Calculated for CywHyOsNe: C, 53.75; H, 5.99; N, 10.45. Found: C, 53.55; H, 
6.17; N, 10.68. 

1-Phenyluracil: Following condensation of ethyl propiolate with the sodium derivative of 
urethane, the reaction mixture was extracted, washed with acid, and was evaporated to an oil 
which was subjected to fractional distillation at reduced pressure. The fraction boiling at 110 
111°/0.3 mm was collected, and crystallized in the cold. Reaction of this 6-ethoxy, N-ethoxy- 
carbonylacrylamide in alcohol with aniline at room temperature afforded prisms of -anilino, .V- 
ethoxycarbonylacrylamide (mp 148-149°); which in turn was cyclized by heating with 1 V NaOH 
to give, after acidification, 1-phenyluracil, mp 244—245° (lit. mp, 246°).* 

5-Acetyluracil, mp 285°, was synthesized by treating ‘‘ethoxyacrylamide”’ with 3 NV NH,OH 
on the steam bath.* Other purines and pyrimidines were commercial products of standard 
purity. DNA preparations were denatured as outlined previously.' 

Immunochemical procedures: These were carried out essentially as described for the purine- 
specific antibodies.!_ Passive cutaneous anaphylaxis experiments were performed as outlined by 
Ovary.7)§ Antisera from rabbits immunized with U-BSA were carefully absorbed with BSA 
until tests with anti-BSA showed that a slight excess of BSA was present in the supernatant fluid. 

Complement-fixation reactions were carried out by Levine’s method,” ' using the ‘‘Isosaver’’ 
solution described by these authors. This reaction medium contains veronal buffer, which might 
conceivably have interfered by competition with certain of the pyrimidines used in the hapten- 
inhibition experiments. If such were the case, compounds which exhibited negative or negligible 
activity in this test system might actually have been capable of fitting into the antibody combining 
region. Thus, the order of hapten inhibitions for pyrimidines presented here is not absolute and 
may be subject to some future revision. It should be noted (vide infra), however, that so far the 
order of hapten inhibition is roughly the same for those compounds which have been tested with 
anti-5-acetyluracil antibody by both the precipitin and C’ fixing reactions. Attempts are currently 
being made to obviate any possible interference, by substituting “‘tris’’ for veronal in the buffer 
used for C’ fixation. 


Results —Quantitative precipitin data depicting the reaction between the globulin 
fraction prepared from an anti-5-acetyluracil serum and several antigens are shown 
in Figure 1. The magnitude of the precipitates obtained with 5-AcU-BSA and 
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Fic. 1.—Precipitin reaction between the Na»SO,-precipitated y-globulin fraction (1 ml 
of a 1:10 dilution) of antiserum E-22-54 and various antigens. Ordinate: optical density 
at 750 n.u after Folin-Ciocalteu reaction on precipitate. 

@, 5-AcU-BSA; 0, 5-AcU-HSA; A, Pur-BSA; 0, Pur-HSA; @, BSA; 4, HSA. 


5-AcU-HSA as compared with those obtained by adding HSA, BSA, Pur-HSA, or 
Pur-BSA,! demonstrated that this serum exhibits a ‘“pyrimidyl” specificity. The 
hapten-inhibition experiments in this precipitin system provide further evidence 
for specificity (Fig. 2). These data indicate that the effectiveness of haptens for 
fit into the antibody combining re- 
gion, in decreasing order, is as 
follows: 5-acetyluracil-1-caproic 
acid > 5-acetyluracil > purin-6- 
oyl-e-amino caproic acid > thymine 
> uracil > cytosine. 

The antisera to 5-acetyluracil, as 
was found with “anti-purinyl” 
sera,' fix complement with heat- 
denatured DNA and to a more 
limited extent with native DNA. 
The results of typical experiments 
demonstrating this reaction are 

uMOLES HAPTEN shown in Figures 3and4. With na- 
x gs 2,_ apt hibition of retin reaction tive and thermally denatured DNA 
1:10 dilution) of antiserum E-22-54 and its homolo- | preparations from two different bac- 
gous antigen. e, 5-Acetyluracil-1-caproic acid; O, terial species it can be seen that 
5-Acetyluracil; A, N-[purin-6-oyl]-e-amino-caproic : fe ners d 
acid; 0, thymine; A, uracil; X, cytosine. antiserum E-22-53 fixes approxi- 
mately 25% C’ with the former, as 
opposed to 80% with the latter, at a concentration of ca. 0.15 wg. These results 
are different from those previously obtained with the anti-purin-6-oy] antibodies, ! 
which showed an absolute specificity for denatured DNA obtained from various 
species. 


T INHIBITION 
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Hapten-inhibition experiments in- 
dicated that the C’ fixation reaction 
of antibody with thermally dena- 
tured DNA was as specific as the 
precipitin reaction, based upon the 
limited number of haptens tested 
(Fig. 5.) Further C’ fixation tests 
gave results from which were 
plotted values of per cent inhibitions 
versus log hapten concentrations. 
rom these data extrapolations 
were made to determine the 50% 
inhibition points of the reaction be- 
tween antiserum E-22-53 (1:600 
dilution) and heat-denatured pneu- 
mococcal DNA. It was thus deter- 
mined that the amounts of haptens 
required to cause 50° C’ fixation 
were: 5-acetyluracil-l-caproic acid 
(4 X 10-° uMoles); 5-acetyluracil 
(2.5 X 10>? wMoles); thymine (2 X 
10~!' wMoles) and purin-6-oyl-e-ami- 
nocaproic acid (1 &K 10~! wMoles). 
The following haptens were essen- 
tially inactive: uracil, cytosine, hy- 
droxymethyleytosine, and e-amino- 
caproic acid. 1-Phenyluracil was 
anticomplementary in this test 
system. These experiments further 
demonstrated that the specil city of 
the antibody is directed at least 
against the uracil-1-lysyl moiety of 
the immunizing antigen, and that 
the same microspectrum of antibod- 
ies is involved both in precipitin re- 
actions and in C’ fixing cross reac- 
tions with DNA. 

It was also determined that there 
was no demonstrable reaction be- 
tween yeast RNA or rat liver RNA 
(concentrations up to 10 wg; native 
and heated) and antiserum E-22-53, 
again at 1:600 dilution, under con- 
ditions where pneumococcal controls 
(0.53 yg) gave over 90% C’ fixa- 
tion. 

Antisera against U-BSA, after ab- 
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Fic. 4.—-Complement fixation reaction between 
serum E-22-53 (dilution 1:600) and native (open 
circles) and thermally denatured (closed circles) EZ. 
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Fie. 5.—Hapten inhibition of complement fix- 
ation reaction between antiserum E-22-53 (dilution 
1:600) and 0.53 wg pneumococcal thermally 
denatured DN. A. Ordinate: per cent inhibition of 
C’ fixation. O, 5-Acetyluracil-l-caproic acid, con- 
centrations measured on the upper ( X 10~*) abscissa; 

@, 5-Acetyluracil, concentrations ro Bh. on the 
lower abscissa; O, thymine; a, cytosine. Latter 
two concentrations measured against the uppermost 
abscissa, 
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sorption with BSA, gave normal precipitin curves when tested with the homologous 
antigen. However, the specificity of these antisera could not be demonstrated by 
hapten inhibition using uracil. Failure to obtain evidence for specificity in these ex- 
periments is possibly a function of the heterogeneity of size of the antibody combin- 
ing regions of these particular antisera and may be comparable to differences in hap- 
ten inhibition by glucose from one antidextran serum to another, as discussed by 
Kabat.!! The problem may become amenable to experimental solution when syn- 
theses of U-HSA, for use as a cross-reacting protein, and of uracil-l-caproic acid, 
which hypothetically is a better hapten inhibitor, are completed. Attempts to pre- 
pare more highly substituted U-BSA are also contemplated. The absorbed anti-U- 
BSA antisera, even after heating to 60° and prolonged ultracentrifugation, were still 
anticomplementary, so that it was not possible to test their specificity by C’ fixa- 
tion. Experiments with unabsorbed sera and RNA are in progress. 

Evidence for a precipitin reaction between “anti-purinoyl” or ‘‘anti-pyrimidine”’ 
antisera and various species of DNA has been sought. Equivocal data for a pre- 
cipitation reaction between anti-5-acetyluracil antibody and denatured DNA’s 
has been obtained. These experiments indicate that a search for conditions for 
such reactions should not be abandoned. 

Further evidence that the reaction of anti-purinoyl and anti-5-AcU antisera 
with DNA is, indeed, an antigen-antibody reaction has been obtained by the method 
of passive cutaneous anaphylaxis (PCA). Using the technique described by Ovary’ 
and allowing a 5-hr latent period, 1:1000 dilutions of these antisera gave positive 
reactions with calf thymus DNA. It was also found that PCA could be demon- 
strated using anti-5-AcU serum and the conjugated protein 5-AcU-BSA, and evi- 
dence for cross reactivity with Pur-HSA was also obtained. In addition, the anti- 
purinoyl antibody was also found to react not only with Pur-HSA but also with 
5-AcU-HSA. In both cases, the reaction with the homologous antigen could be 
obtained with at least a 10-fold higher dilution than was necessary for the cross 
reaction. 

Discussion.—The syntheses of polyvalent antigens from serum albumins and 
8-ethoxy, N-ethoxycarbonylacrylamide and its a-acetyl derivative are based upon 
the novel method devised by Dewar and Shaw? for the determination of N-terminal 
residues in proteins. By using NaOH instead of triethylamine and by maintaining 
constant alkalinity, it is possible to substitute not only the terminal amino acid but 
also the e-amino group of many of the lysine residues with 5-acetyluracil and uracil 
groups (see Fig. 6.) This conclusion is substantiated not only by the spectro- 
photometric analysis of the conjugates but by the finding that the most effective 
hapten inhibitor in the reaction between the anti-5-AcU-BSA antibody and its 
homologous antigen was 5-acetyluracil-l-caproic acid. 

Immunization with 5-AcU-BSA elicited essentially no antibody to the protein 
moiety, and therefore these antisera could be used directly for precipitin determina- 
tions without prior absorption with BSA. Conversely, the antisera formed against 
U-BSA contained large amounts of anti-BSA, and had to be carefully absorbed with 
BSA before quantitative precipitin determinations were done. This difference 
in the production of antiprotein antibody is probably related to the difference in 
the number of pyrimidyl groupings introduced on the carrier protein (i.e., 26 
versus 9). It should be possible to introduce a larger number of uracil residues, 
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HC: C—COoEt— 
NH,COOEt | 
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(a) NH,COOBt H 
—> Koc —C—C—NH—C—OEt 
(b) HC(OEt)s 


“ethoxyacrylamide”’ 


HOKt 
NH.— Protein 


Ot 
Protein NH-Protein 
Fic. 6.—Shaw synthesis of pyrimidines as applied to the formation of polyvalent protein 
antigens. The —NH) groups on the protein depicted above are most probably the eamino groups 
of lysine residues. R= H, polyvalent uracil-l-protein; R=CH,;CO, polyvalent 5-acetyluracil-1- 
protein. 


and indeed to extend this substitution of carrier proteins with thymine residues, 
by the use of such reactive intermediates as the ethoxyacryloylisocyanates, de- 
scribed by Warrener and Shaw. '? 

One interesting question that arises in connection with the experimental results 
to date using the anti-5-AcU antibody is the reason for lack of reaction with RNA. 
It might have been expected, since uracil is a constituent of RNA, that some cross 
reaction between an antibody with 5-AcU_ specificity and this relatively non- 
helical macromolecule would occur. On the other hand, since the immunizing 
antigen contained 5-substituted uracil moieties, and since thymine but not uracil 
acted as an inhibitor in C’ fixation with DNA, it can be argued that these antisera 
should have been more specific for cross reactions with DNA than with RNA. In 
this connection it should be pointed out that prior results! with anti-purin-6-oy1 
antibody showed cross reactions also only with various DNA’s. Thus, in addition to 
consideration of the structures of the antigens in order to propose an explanation 
for interaction or lack of interaction between these antisera and informational 
macromolecules, one must also consider the relative three-dimensional conforma- 
tions of RNA and of DNA and how these may relate to the exposure of certain 
antibody-reactive groups. Another factor bearing on this point may be the relative 
molecular weights of the RNA’s and DNA’s used in C’ fixation tests. 

A striking difference between this antibody and the antibody to purin-6-oyl 
BSA is that the latter cross reacts only with the thermally denatured or single- 
stranded species of DNA. The reason for this difference is not known. Because 
of intrinsically better complementarity of antibody to the Nj-linked pyrimidine, 
as opposed to the unnatural conformation presented by antibody to the Cy-linked 
purine, the suggestion is offered that perhaps anti-5-AcU antibody may influence 
the equilibrium which possibly exists'* between double-stranded and single-stranded 
DNA in solution, 
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Many DNA’s and RNA’s contain, as minor constituents, bases other than the 
usual four, and some of these may be characteristic for a specific biopolymer. 
It is even conceivable, therefore, that an antibody which reacts with a limited 
type of informational macromolecules may be obtained by coupling a minor base to a 
protein. The investigations of Levine,’ demonstrating an antibody which reacts 
only with denatured DNA preparations containing glucosylated 5-hydroxymethyl- 
cytosine residues, suggest that such specificities might be approached. 

Conjugated proteins have now been used to obtain antisera with two distinct 
specificities which react with DNA. It will be of interest to determine if this 
specificity is translated into differences in reactivity with DNA’s of varying base 
composition. Such DNA’s with differing GC content have been prepared from 
several bacterial species, and their ability to fix complement with the antisera is 
being studied. Should the antibodies be able to distinguish different DNA’s, 
an immunological approach to many biological problems involving DNA would be 
possible. 

Fluorescent and ferritin-labeled DNA specific antibodies have potential use 
in the investigation of viral infection, of viral-induced neoplasia, and of episomic 
elements. Neutralization and inhibition techniques can be used to investigate the 
role of DNA in transformation and other genetic phenomena. Exploratory ex- 
periments designed to test these applications for “anti-purinoyl” and “anti-py- 
rimidyl” antisera are in progress. 

Summary.—The synthesis of polyfunctional antigens containing uracil-1 (3)- 
and 5-acetyluracil-1 (3)- residues is described. The latter antigen has been used 
to elicit specific antibodies in rabbits. Antisera thus obtained cross react with 
thermally denatured DNA, and to a considerably lesser extent with native DNA, 
as measured by complement fixation reactions. Their reaction with DNA can 
also be demonstrated by passive cutaneous anaphylaxis in the guinea pig. Pos- 
sible uses for these antisera in the investigation of the biological functions of nucleic 
acids are discussed. 

* Supported by funds from the National Science Foundation (NFS-14420), the U.S. Public 
Health Service (E-1763), and contract (266 (40)) between the Office of Naval Research and Colum- 
bia University. 
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THE FUNCTION OF sRNA* AS AMINO ACID ADAPTOR IN THE 
SYNTHESIS OF HEMOGLOBIN 


By GUNTER VON EHRENSTEIN,t BERNARD WEISBLUM,{ AND Seymour BENzERt 
+ + 


JOHNS HOPKINS UNIVERSITY AND PURDUE UNIVERSITY 
Communicated February 25, 1963 


According to the adaptor hypothesis of Crick! and Hoagland,* the position of a 
particular amino acid in a polypeptide chain is determined, not by direct interaction 
between amino acid and template, but through the mediation of an sRNA molecule 
that functions as an adaptor. The hypothesis was tested by Chapeville et al.* in a 
cell-free protein-synthesizing system from FL. coli, using a synthetic polynucleotide 
as template. Cysteine attached to sRNA was converted to alanine, forming an 
Ala-sRNA®*" hybrid (Fig. 1). The alanine was transferable into polypeptide in 
response to poly UG, which ordinarily stimulates the incorporation of cysteine but 
not of alanine. The present investigation shows that the result indicated by the 
use of the artificial messenger poly UG applies as well to the synthesis of hemo- 
globin, thus confirming the validity of the adaptor hypothesis in the synthesis of 
natural protein. 

Materials and Methods.—Preparation of C'* CySH-sRN A®S" and of C' Ala-sRN AA: sRNA 
from £, coli strain B was prepared by phenol extraction, stripped of amino acids, dialyzed, and 
lyophilized as described.‘ It was charged with C' cysteine, formed from C' cystine (Nuclear 
Chicago Corp., DL + meso cystine-3-C', 18.7 wC/uM) by the presence of 8-mercaptoethanol, 
or with C'™ alanine (New England Nuclear Corp., uniformly labeled, 71 wC/uM). The charging 
mixture* contained, per ml (in micromoles, unless otherwise stated): Tris-HCl buffer, pH 7.2, 
100; MgCl, 5; KCl, 5; 8-mercaptoethanol, 5; C' cysteine, 0.2 or C' alanine, 0.02; a comple- 
mentary mixture (i.e., cysteine or alanine omitted) of 19 nonradioactive amino acids, 0.2 each; 
ATP, 2.5; PEP, 20; PEP kinase, 30 ug; and a dialyzed 100,000 X g supernatant of EF. coli ex- 
tract, 1.5 mg protein; sRNA, 20 mg. The aminoacyl-sRNA was recovered by phenol extraction, 
precipitated with ethanol, and dialyzed. It had a specific activity of 3,160 epm per mg of sRNA 
in the case of evsteine, and 6,750 cpm per mg sRNA in the case of alanine. Two preparations of 
E. coli sRNA charged with a mixture of 19 nonradioactive amino acids (omitting cysteine or 
alanine) were also made. 

Preparation of the hybrid C'Ala-sRN A®’S4; — Stripped E. coli sRNA was charged with C' 
cysteine in the presence of C™ alanine (the remaining amino acids being omitted). The yield was 
29 mg of sRNA with a specific activity of 4,000 cpm per mg of SRNA. It was reduced with Raney 
nickel as described by Chapeville et al.,* and 19.5 mg of sRNA was obtained with a specific activity 
of 3,050 epm per mg. The extent of the reduction was determined on an aliquot of the sample 
as described previously.’ Of the radioactivity bound to sRNA, 50° was identified as C'™ alanine 
and 50% as C' cysteine. 

Cell-free incorporation into hemoglobin: Ribosomes from rabbit reticulocytes were prepared as 
described by Schweet et al.6 They were incubated with the appropriate aminoacyl-sRNA in a 
mixture containing the following (in micromoles per ml, unless otherwise noted): Tris-HCl, pH 
7.8, 100; KCl, 50; MgCl., 5; GTP, 0.2; PEP, 7; PEP kinase, 50 ug; GSH, 8; a balanced mix- 
ture of all 20 amino acids in the concentrations specified by Borsook et al.,* but modified to con- 
tain 0.5 umoles cysteine and 1.0 umole alanine; 20 mg of sRNA charged with a complementary 
mixture of 19 nonradioactive amino acids; ribosomes and C'* aminoacyl-sRNA, as indicated in 
the legends of Figures 3, 4, and 5. 

After incubation for 60 min at 37°C, the reaction mixture was chilled and 20 mg of rabbit hemo- 
globin was added as carrier. The ribosomes were removed by centrifugation at 100,000 « g 
for one hr. Ribonuclease (3 wg per ml) was added to the supernatant and the mixture kept at 
room temperature for one hr to degrade the sRNA. Globin was then prepared by the acid- 
acetone method.?. The globin was washed with acetone at —20°C and dissolved in 10 ml of the 
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Cysteine 
Activating 
. OH Enzyme 


Cysteme Acceptor sRNA 


starting buffer described in the following section. 
») Chain separation: The globin was separated into 
its constituent a- and #-chains as described by 
Dintzis.. The sample was applied to a 9 X 1 em 
= Cysteine carboxymethyl cellulose (CMC) column (Serva Ent- 
' wicklungslabor, Heidelberg, Germany, exchange 
capacity 0.54 meq per gram) and eluted using a 
ie linear gradient (150 ml 0.2 M formic acid, 0.02 M 
a eee en eee pyridine in the mixing chamber; 150 ml 2.0 M formic 
NH, H acid, 0.2 M pyridine in the reservoir). The 3epa- 
Cysteine rated a- and 6-chains were precipitated with 5% 
trichloroacetic acid, washed with ethanol-ether 1:1, 
then with ether, and dissolved in water. 
OHH Isolation and analysis of the a-chain peptides: The 
o~c- ¢ ~C- H a-chains were digested with trypsin and the peptides 
NH, H separated by paper electrophoresis and chromatog- 
Alanine raphy as described by Dintzis* with the modifi- 
Fic. 1.—Plan of experiment. Cysteine cation that 6-mercaptoethanol, 5 wmoles per ml, was 
is attached to its normal acceptor sRNA present during the entire procedure to keep the 
ine ech eeimesactiating ny. eyateine in the raced form, The peptides were 
still attached, to alanine, producing the made visible by dipping the paper in 0.25% ninhy- 
hybrid Ala-sRNA® 54, The coding prop- drin in acetone and identified by their positions.’ 
erties of the hybrid molecule are then They were cut out, eluted with 0.1 N HCl, and 
investigated. (After Chapeville et al.*) counted in an end-window gas flow counter (Nuclear 


Chicago) with a background of 1.5 epm. Each sample was counted for at least 300 counts. 


¢ 


Raney Nickel 


Acceptor sRNA 


The insoluble cores remaining after trypsin digestion of the a-chains were eluted from the paper 
with 0.1 NV HCl. After digestion with chymotrypsin in the presence of mercaptoethanol, the re- 
sulting peptides were separated by paper electrophoresis and chromatography,’ eluted, and 
counted. 

After counting, the tryptic peptides were oxidized with performic acid and hydrolyzed in 6 N 
HCl for 36 hr at 105°C. The HCl was evaporated, alanine and cysteic acid were added as carriers, 
and the amino acids were separated at pH 1.9 by paper electrophoresis.'° The spots were made 
visible by staining with ninhydrin and those corresponding to alanine and cysteic acid were cut 
out, eluted, and counted as described above. The chymotryptic peptides, after counting, were 
oxidized with performic acid, hydrolyzed, and their amino acid composition determined semi- 
quantitatively by paper electrophoresis in two stages at pH 6.4 and pH 1.9 as described by Naugh- 
ton and Hagopian."” The peptides were identified by comparing their amino acid compositions 
with the data of Diamond and Braunitzer.!'| The areas corresponding to cysteic acid and alanine 
were then cut out, eluted, and counted as described above. 


Results.—Transfer of radioactive amino acids into the a- and B-chains of hemoglobin: 
Amino acids were transferred from F. coli aminoacyl-sRNA into hemoglobin in a 
rabbit reticulocyte ribosome system.‘ Three transfer experiments were performed 
in which the sRNA was charged with C'Ala-sR NA“" or with C4CySH-sRNACS# 
or with Raney nickel-treated C'CySH-sRNA@*", As shown in Figure 2, the 
transfer reaction was almost complete within 10 min. The rate of incorporation 
from Raney nickel-treated CySH-sRNA®*" was lower, but the final per cent of 
input transferred was the same. 


The hemoglobin was isolated after the addition of carrier, converted into globin, 
and separated into a- and 6-chains (see Materials and Methods). Consistent with 
earlier results obtained with leucine showing that both chains are synthesized in the 
cell-free system,‘ alanine was transferred from C'Ala-sRNA“" into both a- and p- 
chains (Fig. 3). On the other hand, although the 8-chain of rabbit hemoglobin con- 
tains one cysteine residue,’ no labeling of the 6-chain was observed in the transfer 
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Fic. 2.—Kinetics of transfer of radioactivity into protein. Incubation con- 
ditions as stated in the legends to Figures 4 and 5. 0.1 ml aliquots of the 
total reaction mixture were precipitated, washed according to Siekevitz," and 


counted. 
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Fig. 3.—Separation of a- and 8-chains of hemoglobin labeled in the rabbit reticulocyte 
ribosomal system by transfer from C'Ala-sRNA4™. Conditions as described in Methods. 32 
mg of ribosomes were incubated with 20 mg of E. coli sRNA charged with C™ alanine (1.35 X 
10° cpm) and a complete mixture of nonradioactive amino acids minus alanine, in a final volume 
of 3.5 ml. Chromatography as described in Methods. The total volume of each fraction was 
7 ml. 1 ml aliquots were dried on planchets and counted. 
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experiments involving either C“CySH-sRNACS" (Fig. 4) or Raney nickel-treated 
C'CySH-sRNAC* (Fig. 5). The reason for this is unknown. In any case, only 
the a-chain was used in the further analysis. 

Note in Figures 3, 4, and 5 that the a-chain radioactivity is displaced to the left 
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Fig. 4.—Separation of a- and 8-chains of hemoglobin labeled in the rabbit reticulocyte ribo- 
somal system by transfer from CMCySH-sRNA®SH, Conditions as described in Methods; 
100 mg of reticulocyte ribosomes were incubated, in a final volume of 10 ml, with 20 mg of E. 
coli SRNA charged with C' cysteine (63,250 cpm) plus 20 mg of C'? aminoacyl-sRNA charged 
with a complete mixture of nonradioactive amino acids minus cysteine. Chromatography as 
described in Methods. The total volume of each fraction was 7 ml. Aliquots of 2 ml were 
dried and counted. 


relative to the optical density of the carrier, suggesting some abnormality of the 
labeled protein. However, a similar displacement is observed if the amino acids are 
transferred from rabbit liver sRNA,' so that this effect cannot be ascribed to the use 
of E. coli sRNA in these experiments. When the hemoglobin is purified by chroma- 
tography on carboxymethyl] cellulose prior to chain separation, no such displacement 
of the a-chain is observed.® 

Distribution of radioactivity in a-chain peptides: The a-chains were digested as 
described and the individual peptides eluted and counted (see Methods). Table 1 
shows the pattern of incorporation of labeled amino acids into various peptides as a 
function of the labeled aminoacyl-sRNA used. 

According to Diamond and Braunitzer,'! alanine should occur in peptides 1, 4, 9, 
8 and 9, 10, 14, and 15. (The sequence: peptide 7-Lys-peptide 9- is hydrolyzed in 
two ways, yielding the fragments: peptide 7-Lys- plus peptide 9- or else peptide 
7- plus Lys-peptide 9-. In the first case, peptide 7-Lys- is further split to yield 
free Lys-, designated as peptide 8. In the second case, however, Lys-peptide 9- 
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resists further hydrolysis and is designated 
“peptide 8 + 9.) In the hemoglobin made 
from C'Ala-sRNA“", the observed pattern 
of labeling is in agreement with that ex- 
pected, except for peptides 1 and 4 which 
occur near the free-amino end of the chain. 
This is presumably due to the fact that the 
cell-free system does not start new chains, 
so that the observed labeling is derived from 
the completion of partly preformed 
chains. '* '6 

The cysteine-containing peptide number 
13, obtained by chymotryptic digestion of 
the tryptic core, is the one of special interest 
here. No C™ alanine was found in this 
peptide after transfer of either C'*Ala- 
sRNA-4" or C“CySH-sRNAS*", However, 
using Raney  nickel-treated C'CySH- 
sRNA‘®" that contained 50 per cent of its 
radioactivity in the form of the hybrid 
C'MAla-sRNA°*" hydrolysis of peptide 13 
showed approximately 60 per cent of the 
counts to be alanine. By contrast, no de- 
tectable counts were transferred from the 
hybrid into any of the peptides that nor- 
mally contain alanine. 

It must therefore be concluded that the 
sRNA dictates the position of its attached 
amino acid in hemoglobin synthesis, corrob- 
orating the result obtained by Chapeville 
et al.’ with poly UG. 

Summary.—‘“‘Rabbit” hemoglobin was 
prepared in a cell-free system using rabbit 
reticulocyte ribosomes and C" alanine at- 
tached to the FE. coli sRNA that normally 
carries cysteine. Alanine was incorporated 
into a peptide of the a-chain that normally 
contains cysteine but not alanine. Thus, 
in confirmation of the result previously ob- 
tained with a synthetic polynucleotide, the 
sRNA molecule acts as a specific adaptor 
in true protein synthesis. 
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The early stages of this work were carried out 
with the collaboration of Dr. William J. Ray, Jr., 
whose brilliant suggestion for preparing the Ala- 
sRNA°S# hybrid by the use of Raney nickel made 
these experiments possible. We also wish to thank 
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Fig. 5.—Separation of a- and 6-chains of hemoglobin labeled in the rabbit reticulocyte ribo- 
somal system by transfer from C“CySH-sRNA©’S4 treated with Raney nickel and containing 
50% of its radioactivity as alanine and 50° as cysteine. Conditions as described in Methods. 
100 mg of reticulocyte ribosomes were incubated, in a final volume of 10 ml, with 19.5 mg 
(59,500 cpm) of Raney nickel-treated E. coli sRNA (charged originally with C' cysteine in 
the presence of C!? alanine) plus 20 mg of C!? aminoacyl-sRNA (cysteine omitted). Chroma- 
tography as described in Methods. The total volume of each fraction was 7 ml. Aliquots of 
0.5 ml were dried and counted. 
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*sRNA = soluble ribonucleic acid, sRNA‘S" denotes the specific sRNA acceptor that com- 
bines with C' cysteine to form C'CySH-sRNAS#, poly UG = polyuridylic-guanylic acid, 
PEP = phosphoenolpyruvate, GSH = reduced glutathione, GTP = guanosine triphosphate, 
ATP = adenosine triphosphate, Tris = trishydroxymethylaminomethane. 
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PHOTOELECTRIC SPECTROPHOTOMETRY OF PLANETARY NEBULAE 


By WiturAM LILLER AND LAWRENCE H. ALLER 
HARVARD COLLEGE OBSERVATORY AND UNIVERSITY OF CALIFORNIA (LOS ANGELES) 
Communicated March 4, 1963 


In 1953! we measured the relative intensities of the strongest lines in the spectra 
of the brighter planetary nebulae with the 24-36 inch Curtis Schmidt telescope at 
the University of Michigan. With the small light-gathering power of this telescope 
it was practical to observe only the green nebular lines of [OIII] and Hg. An 
objective prism produced the spectrum which was then measured with a conven- 
tional photometer. Thanks to Director Bowen and the staff of the Mt. Wilson and 
Palomar Observatories, we were able to extend this study to other lines and to 
fainter planetary nebulae in 1956 by using the 60-inch and 100-inch reflectors at 
the Mt. Wilson Observatory. 

For this latter investigation we employed a direct recording photoelectric spec- 
trophotometer designed and built by Liller? with the aid of a grant from the Uni- 
versity of Michigan’s Rackham School of Graduate Studies. The scanner employs 
identical f/5 collimating and focussing systems. The spectrum, produced by a 
600 groove/mm grating, has a dispersion of 64A/mm in the second order. As a red 
and infrared detector, we used a Farnsworth 16-PM-1 photomultiplier with a 
Ag-Cs,0-Cs cathode. We used an EMI 6685 photomultiplier as our blue sensitive 
cell for these 1956 observations. Both cells were refrigerated. Slots and apertures 
of various sizes enabled us to accommodate nebulae of different angular diameters 
and to control spectral purity. We scanned the spectrum by rotating the grating 
at any one of 3 possible speeds: 30 A/mm, 90 A/mm, or 270 A/mm. 

Observations of suitable standard stars of presumably known energy distribu- 
tion’ at both low and high altitudes in the sky permitted nightly determinations of 
the atmospheric extinction, and the response of the telescope-plus-spectrometer, 
both wavelength dependent quantities. Our basic standard star was Vega, al- 
though a Andromedae was occasionally used as a secondary standard. 

Altogether, 30 nebulae were comprised in our program, but we give data here 
for 25 having the most extensive records. One diffuse nebula NGC 604 in M33 
will be discussed separately. The Network nebula in Cytnus and several plan- 
etaries were so faint as to yield data on only the strongest lines. 

Table 1 lists the nebulae in order of right ascension. The second column gives 
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TABLE 1 
Some Baste Data: NEBULAE LisTED IN OrDER OF Riagut ASCENSION 
Ni + Ne Ni + Ne 
Nebula log S(Ni) HB 4363 Te 
IC 351 —0.82t p x aes 
NGC 1535 —().58* ; 5.6 9.7 15,000 
} 418 —(0),29* y 2. es 
2022 —1.57T Y Of 53.! 18,300 
2149 alias 2 5. APIS 
2165 an Ss 5, S84. 10,900 
900 ) 
2392 —| 
2440 ‘ 
6210 +0 
4634 —(). 
6543 —O.1 
6572 +(), 2: 
4732 +0 
—32° —(Q 
6720 —1.5: 
6741 —(. 
6803 — 
6818 —O0.4% 
6826 —(, 
4997 +1. 
7009 +0.01* 
7027 +0 .28* 10 
5217 +0.42t 
7662 —0.03* 16 


-~ 


45. 20,000 
64.4 16.500 
164. 11.300 


ss 
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342. 9,000 
128. 12,300 


Ee oe ie | 


Swe 


76 15,200 
68 18,200 


187. 10,800 
54. 20,900 
193. 10,700 
~21 a 
164, 11,300 
110. 13, 100 
143. 11,800 
82.8 14,800 


meee 
SS OI ie 


aoe Oe 
1S WOO 


ww 


the logarithm of S(N,), the surface brightness expressed as the flux in ergs em~? 
sec~! in the radiation of the green nebular line 45007 [OIII) of doubly ionized oxy- 
gen. Data indicated by an asterisk(*) are taken from measurements by Liller 
and Aller! and by Liller*; those indicated by the symbol (+) were obtained from our 
measurements made in the summer of 1954 at the Mt. Wilson Observatory. The 
column headed (d) gives the diameter of the nebula in seconds of are. Next we 
list the ratio (N; + Ne)/H8, the sum of the intensities of the green nebular lines 
to that of H@. This ratio tends to be larger in nebulae of higher excitation, al- 
though, for those of highest excitation, other line ratios are more useful. 

The ratio of the intensities of the green nebular lines to 4363 of [OIIT] is used 
to estimate the electron temperature® which is given in the last column. These 
electron temperatures are generally in accord with those obtained in previous in- 
vestigations® and require no special comment. Some nebulae of high excitation, 
e.g., NGC 2022, NGC 2392, NGC 2440, NGC 6818, show high electron tempera- 
tures, but others, e.g., NGC 7009, do not. The electron temperature depends on 
the efficiency of cooling by electron collisions.’ * 

Table 2 gives relative intensities for the nebular lines observed between \3200 
and \5007, on the scale I(H8) = 10. Since the resolution was usually 24A or less, 
pairs such as 3868 + 3889 and 4340 + 4363 were sometimes incompletely resolved, 
although in most instances we were able to secure a satisfactory separation. The 
3968 [NelII] and 3970 H lines are always blended. Unfortunately, too, the helium 
and hydrogen contributions to \3889 cannot be separated. The two components, 
\3726 and 3729 of the \3727 “line” of [OII], which are so useful for density 
determinations, can be’separated only with very much higher resolution. 

Although intensities of the stronger lines should be determined within a few 
per cent, the weaker lines are subject to larger errors, partly because of the random 
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TABLE 2 
NEBULAR LINE INTENSITIES IN BLUE AND ViIoLeT Spectra ReaGions, (HB) = 
; NGC NGC NGC NGC NGC NGC NGC 
2022 2165 2392 2440 6818 7009 7027 

3340—45 O III, [Ne V] a ae; oe 5. § Oe os 1 
3427 [Ne V] Pree 15 oe 
3444 OIL | widget 2.7) pir 
3727 ~ ¢ 4.45 50 
3750 
3770 
3797 
3835 
3865 {Ne III} 
3880 Hi, He I 
3968 [Ne III], H 
4026 He I 
4068 — 76 {S 11] 
4101 Hs 
1340 Hy 
1363 {O IIL} 
1388 He I 
1471 He I 
1541 He II 
1634 —5 N II, C Ill 0.57 
1686 He Il 2 { 4.64 6.3 f 3 
4712 [AIV})\ 0 : 0.59 0.60 a 0! 
1740 [A IV} ! 0.46 0.65 0.47) 
1861 Hg 10 10 10 10 10 10 10 
1959 {O IIT] 36. 2: 36.0 34.9 42.7 58.! 35 50 
5007 {O IIL} 120 7 115 106 132 179 103 159 


mR ¢ 
vw 


NEBULAR LINE INTENSITIES IN BLUE AND VIOLET SPECTRAL REGIONS 

IC NGC NGC NGC NGC NGC NGC NGC IC 

418 2149 6210 6543 6572 6720 6741 6826 4997 
3727 [O IT] 13.2 9.8 ; 3.73 4.50 52.6 3 3.50 3.4 
3750 . 67 0.28 
3770 : 69 0.39 
3797 64 51 
3835 : } 92 85 
3868 Ne 36 5.0: 8.69 
3889 3 i : 43 
3968 —7 } a9 C , 27 ‘ 
4026 . re ; 31 ‘ 40 
4068 : : 
4101 2.5 2.! > : 2.6 3.05 2.! 2.55 
4340 | _ pe 5.5 ; F 4.6 aa) ee “80 
4363 } wa , 2! f , J : 5 var 
4471 > y : inthe 54 0.69 
4541 . 
1640—58 NIII,OIII 
1686 He II : 
4712 {A IV] 26 0 
4740 [A IV] 0.2 . 
1861 Hg 10 10 10 10 10 10 
4859 (O IIT] 5.2 0. BF ' 32 36 9 22.5 21.4 40 
5007 {O IIT} 5.4 10.8 99.: d 106 104 , @2 if 

4634 2 —32° 6803 

3727 {O II] : d 6.09 4.3 
3865 + 3889 {Ne IIT] + 17.9 ‘ 3.18 
3967 + 70 {Ne III] + 2: ‘ 7.05 2.00 
4101 H ‘ 3.2 1.04 
4340 H ae 3.98 
41363 {O III} 2.2 f : 7 ’ 1.23 
1686 He II 
4861 Hg 
1959 {O IIT] 
5007 {O IIT] 


* Probably of stellar origin. 
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fluctuations in the rate of arrival of photons, and partly because of uncertainty 
of locating the continium. Bright sky illumination due to the lights of Los Angeles 
caused considerable annoyance in observations of some of the southern objects. 
Certain Mercury vapor lines, particularly 44358, blend with lines of nebular origin, 
but their effects could be eliminated by taking tracings of the sky background. 
Table 3 shows results obtained for infrared lines in a number of nebulae. They 


TABLE 3 
INFRARED LINE INTENSITIES (Ha = 10.0) 

IC NGC NGC NGC NGC NGC IC NGC NGC NGC 

$18 2392 6210 6572 6803 6806 4997 7009 7027 7662 
6563 Ha 10 10 10 10 10 10 10 10 10 10 
7065 He I ; Le Sy ee 1.41) 
7135 [A IIT] Si 5 os -AOESES 
7330 {O IT} 0 0.45 1.36 
7751 {A III] 0 
9069 (S IIT} 3¢ 0. 
9229 H 0 
9532 + 46 H + [S III] 95 36 1 
10049 2 a 0 
10830 . : a 6.4! 
10938 ae et io 
IC 418 46713 — 30 = 0.33 
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are all based on the scale I(Ha) = 10, since, at the time these observations were 
made, it was not practicable to tie together the intensities in the blue and the in- 
frared. The mean value of the intensity ratio of the [SIII] lines, taking into ac- 
count the effects of Paschen Epsilon, is 2.16 + 0.11 (std. error). 

The relative intensities of the green nebular lines are interesting to consider in 
connection with the theory of line formation. We find I(5007)/1(4959) = 3.07 + 
0.04 (std. error) as compared with our previous (1953) result of 3.03. 

A comparison of measured line intensities with previous photographic results 
by Aller® and by Minkowski and Aller'® shows generally good agreement with re- 
spect to scale, although the photographic measurements tend to be afflicted by 
larger accidental errors. Our measurements generally are in good agreement with 
those obtained photoelectrically by O’Dell (private communication), although a 
number of discordances exist for the weaker lines. 

The Balmer decrement is of considerable theoretical interest. Plots of I(Hn) 
against n enabled us to select those objects that appeared least affected by space 
absorption; these (NGC 7009, NGC 2022, NGC 6543, NGC 7662, NGC 6572, 
IC 418, NGC 2440) were the objects to be compared with theoretical predictions. '! 
Table 4 compares the theoretical Balmer decrement due to Seaton and Burgess 
for an optically thick nebula} with our adapted values. No data are available for 
\3970, but for 43889 we have.attempted to choose a limiting value from nebulae 
that show weak helium lines. The agreement is reasonably satisfactory; it is 


TABLE 4 
BALMER DECREMENT 
OBS'D r Theory 
10 3835 0.85 
5.3 3797 0.83 
2.90 3770 
3750 


1.25 
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not possible to say whether there are any effects of self-absorption in the Balmer 
lines although these do not appear likely. 


This program was carried out by means of a cooperative arrangement with the Mt. Wilson and 
Palomar Observatories when we were at the University of Michigan. We are grateful to Dr. 
C. R. O'Dell who sent us his results in advance of publication. 
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QUANTIZATION AND METASTABILITY OF SUPERCURRENTS* 
By GREGOR WENTZEL 
THE ENRICO FERMI INSTITUTE FOR NUCLEAR STUDIES AND 
DEPARTMENT OF PHYSICS, THE UNIVERSITY OF CHICAGO 


Communicated March 25, 1963 


The appealing idea that the metastability of currents in ring-shaped supercon- 
ductors might have the same origin as the phenomenon of magnetic flux quantiza- 
tion has been advocated by Bohr and Mottelson.!. We want to re-examine their 
argument, with emphasis on the effects of thermal excitation, and establish a rela- 
tionship with Bardeen’s ‘‘two-fluid model.’’? 

For a simple description of the argument, we adopt Bohr’s and Mottelson’s point 
of view that magnetic effects are not primarily decisive and that the magnetic field 
can be consistently added as an afterthought. Ignoring it, we can cut open the 
“hollow cylinder” and bend it into a plane slab of length / = 27F (in the x direction) 
provided we retain the periodicity of the Schrédinger function which in Fourier 
analysis means restricting the wave vectors to a lattice: 


k, = n(2x/l) = n/R (n = integer). 


According to the Bardeen-Cooper-Schrieffer theory, Cooper pairs are formed by 
coupling n = v + m with n = »v — m, where » and m are either both integral or 
both half-odd numbers. By pairing (almost) all electrons in this manner (v fixed), 
the binding energy is maximized. The corresponding total momentum in the x 
direction is yNh/R (and in the ring the angular momentum is yNh). In order to 
produce states with different momentum values, one has to break some pairs, thus 
raising the total energy or, in the case of thermal excitation, the free energy of the 
system. Thus, the free energy contains a term periodic in the momentum P,, with 
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minima at P, = vNh/R (» integral or half-odd). These “valley states” are singu- 
larly stable because the normal dissipating mechanisms, like electron-phonon inter- 
actions, are unable to lift the system over the large barriers in the free-energy curve. 
Other states will decay very rapidly into the nearest valley state. 

The total electric currents (P,e/m) are thus stabilized at their quantized values 
vNhe/mR. Going back to the hollow cylinder and consistently adding the mag- 
netic field, with due regard to the Meissner effect, one can also derive the quantiza- 
tion of the magnetic flux.* 

While this argument is straightforward for very low temperature, some clarifica- 
tion may be desirable regarding the “backflow” which, according to Bohr and 
Mottelson,! sets in as the temperature is raised, and which must play an important 
role in the temperature range most commonly used in experiments on superconduc- 
tivity. 

As a simple-minded approach to the problem we shall ask how the electron- 
phonon interactions affect certain unstable current-carrying states which may be 
thought to be generated by a preceding accelerating pulse. Such a problem has 
already been studied by Parikh,‘ but he did not stress the quantization of k, as we 
shall have to do in order to include and generalize the Bohr-Mottelson argument. 
We shall indeed verify that at very low temperatures the momentum transfer to the 
phonons is always in such a direction that the initial state tends to go ‘“‘down into the 
nearest valley state.’ At higher temperatures, however, the trend is rather toward 
a distribution with backflow, namely, the equilibrium distribution according to the 
“two-fluid model.’’? In this case, the k, quantization is rather incidental in that it 
is not necessary for the two-fluid model to be valid. Although the magnetic flux 
quantization, under suitable conditions, is again bound to emerge,’ it has no direct 
causal connection with the metastability of the supercurrents. 

In the following model calculation we shall ignore all magnetic effects, for the 
sake of simplicity. 

Initial Ensemble.—If the electron gas in the slab is initially forced into a state of 
momentum P,, we assume that it quickly settles, due to internal (momentum- 
conserving) interactions, into a grand ensemble characterized by the Boltzmann 
factor 

exp (6[H — uN — wP,)) (1) 


where » and w are chosen to give (N) and (P,) (ensemble averages) the prescribed 
values. H represents the BCS “reduced” Hamiltonian, containing a pairing inter- 
action between wave vectors k, = (v + m)/R, with fixed v (integer or half-odd). 
We may assume (P,) to be close to the corresponding quantized value (h = 1): 


(Pz) = (» + bx)(N)/R (2) 


where | bv | <'1/s, say. In other words, if (P,) is given according to equation (2); 
the pairing interaction effective in H is taken to be the one corresponding to the 
nearest quantized value of (P,). This implies that we will have to introduce ‘“quasi- 
particles” whose definition depends on v but not on 6». 

For instance, if »y = 0, the quasiparticles are defined through the standard Bogoliu- 
bov transformation 


Any = UpQyy + vpa_»—*, tT. = —v,0%4.* + UpQ_p-, (3) 





VoL. 49, 1963 PHYSICS: G. WENTZEL 


which diagonalizes H-uN, and which also leaves the momentum P, diagonal: 
Py = LeksOes*Ore = Trek seins Ors (4) 
The exponent in the Boltzmann factor (1) takes the form 
H — uN — wP, = Yy(Ey — wks) ags* gs. 


+ Hrs + terms independent of a, a*. (5) 


E, = [(k?/2m — yp)? + A?}!/2, (6) 


and H,,. represents the ‘residual interactions”? between the quasiparticles which can 
be neglected® if the gap A is properly determined as a function of the temperature 
(integral equation of BC'S).6 According to equation (5), the quasiparticle state ks 
has the mean occupation number 


(axs*axs) = [1 + exp B(E, — whk,) |] = fy. (7) 


Inserting this into equation (4) gives w as a function of (P,). 
In the case v # 0, it is convenient first to carry out a Galilei transformation 


k, = »o/R+ ky’. (8) 


Then, the Cooper pairing ties k’ to —k’, and it is straightforward to write down the 
formulas replacing equations (3)—(7). In particular, the mean occupation number 
is now fy, With a new multiplier w’ determined by (P,’) = 6»(N)/R. 

We now investigate how these initial ensembles are affected by electron-phonon 
interactions of the standard Bloch-Fréhlich type, assuming the phonons have 
initially their equilibrium distribution 


(Nx) = [exp Bur, —_ 1] a (9) 


Momentum Transfer.—Virst we discuss briefly the case of very low temperatures, 
starting with »y = 0. In the limit 8 > ©, equation (7) says: 


fk >O if Ey > wk,, 
fkeml if ER < wk, 


With equation (6), one sees that |w| has to be slightly larger than A/ky to allow 
excitation of quasiparticles whose momentum (4) must add up to the given (P,) = 
56»(N)/R. Each of these quasiparticles has approximately the momentum k, = 
kp X by/| 5v|, ky = k, = 0, and an energy FE; slightly larger than A. In the absence 
of phonons, spontaneous emission of phonons, with a corresponding momentum 
change of a quasiparticle, will be the only decay process (unless impurity scattering is 
also considered), and this leads to a momentum transfer, from the quasiparticles 
to the phonons (or impurities), essentially proportional to —éy, or to —(P,). If 
v ~ 0, everything is similar when viewed in the k’ space [see equation (8) ], and the 
momentum transfer is now proportional to —év or —(P,’). In any case, the tend- 
ency is such as to approach the nearest quantized value (P,) = »(N)/R. All this 
is in agreement with Bohr’s and Mottelson’s explanation of the persistence of super- 
currents. 
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But now let us raise the temperature toward 7',, far enough to make the (tempera- 

ture-dependent) gap 
Az 1/8 = kT. (10) 
In most experimental situations, (10) is satisfied. 

The case dy = 0, vy 0, has, in effect, been treated by Parikh.‘ What we call the 
k’ space, namely the one in which +k’ and —k’ are paired, is in his work identified 
with the center-of-mass frame; in other words, he assumes (2?’,) = 0 or dy = 0. 
He also replaces k—sums by integrals, but this is certainly legitimate if the dimen- 
sions of the “slab” are macroscopic (R > coherence length ve/A).  Parikh’s caleu- 
lations are carried out in the k’ frame, and the crucial feature is that, when viewed 
from this frame, the phonon distribution (9) is Doppler-shifted: 


w’p = w, — vk, v = (P,)/Nm. (11) 
As a consequence, momentum is transferred from the quasiparticles to the phonons 
such that 


d(P,)/dt = —Y<P;), (12) 


and the calculation shows that I’, in the temperature range (10), is never much 
smaller than the decay rate [, of a normal current (nonsuperconducting metal) at 
the same temperature. 

Accepting this result for 6» = 0, we now want to ask whether this tendency to 
decay can be reversed if 6v # 0, and specifically if 6»/» < 0, owing to the trend 


toward the nearest quantized value (P,) = »(N)/R. The latter trend is independ- 
ent of v, and we shall compute it for » = 0, using equation (7). 
To determine first the multiplier w as a function of 6», we write 
(P,) = 22,k2f, = 6(N)/R. (13) 
If Bwky “K 1, f, can be expanded, and the first-order term gives 
—*/ywr,k?(Of./OEk) w=0 = 5XAN)/R. (14) 
In the limit A + 0, i.e., 7 — T, this is easily seen to give 
Wo = Ov mR (15) 
(=average velocity). (The condition Buk »<<1 requires only R>> Buy ~ coher- 
ence length.) For small and large values of BA, equation (14) gives the approxi- 
mations 
w = w[l1 + 0.22(BA)?] if BA<1, 


(16) 
w = w(24Bd)—"/2 exp (BA) if BA > 1 and Bwky <1,) 


allowing a graphical interpolation. (Incidentally, wo/w is the same as what is 
called p,/p in the two-fluid theory.?) 

The momentum transfer by phonon emission and absorption (for » = 0) can 
again be calculated from Parikh’s results. The reason is the following. Consider 
the contribution of a phonon emission process in which a quasiparticle goes from a 
state k = q tothe state k = p. This involves the statistical factor 
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A — Pile! + N.->»). (17) 


Add the contribution of the inverse process (p — g, phonon absorption) where (17) 
is replaced by 


—f,(1 = SaNo p (18) 


In perfect thermal equilibrium (w = 0) the two terms cancel, of course. We will 
then, again, expand f, (7) in powers of w and retain only the linear terms. _Insert- 
ing (7) and (9) in (17) and (18), with due regard to energy conservation (w,—» = 
E, — E,), one sees easily that the result is unchanged if w is neglected in f, and f, 
but V,_, is modified by a Doppler-shift corresponding to the velocity w [i.e., equa- 
tion (11) with v = w]. This, however, is just what Parikh has calculated. A 
similar argument applies to the processes in which pairs of quasiparticles are 
created or annihilated with phonon absorption or emission.’ As a result, the decay 
rate involves the same constant I’ as in equation (12), and would indeed be given 
precisely by (12) if the velocity w were equal to wy (15). Actually, the effective 
Doppler-shift is larger by the factor w/w», equation (16), and we have instead: 


d(P,)/dt = —(w/w)T(P, (v = 0). (19) 


It is now a trivial matter to go over to the case »y # 0. In the k’ space, the effect 
of 6v (or w’) once more equals that of a phonon Doppler-shift, and the result is again 
equation (19) with (P,’) = 6»(N)/R substituted for (P,), and with the same value of 
w/w (= w’/w). But now the effect of the Doppler-shift corresponding to the rela- 
tive velocity of the k’ and k frames (v = v/mR) has to be added, according to 
equation (12), with (P,) = »(N)/R. The sum of the two terms is 


A(P,)/dt = —T[v + (w/wo)dv|(N)/R. 20) 


Discussion.—If one plots the expression (20) versus (P,) (2), remembering the 
discontinuous nature of v, the result is a sawlike curve with discontinuities at 
5»| = '/,. (Near these discontinuities, the curve may not be meaningful.) For 
a given initial distribution, the sign of d(P,)/dt decides in which direction the decay 
process starts out. Writing 
A(P,)/dt = T(w/wWo) (beg — 5»)(N)/R, beg = —v(wo/w), (21) 
one sees that 6» changes in time so as to approach the equilibrium value é»,,.. The 
negative sign of 5»,,/» indicates that the system develops a “backflow.”” Note that 
the equilibrium value of w, according to equations (14), (15), and (21), is 


Weg = (W/Wo)byg/mR = —v/mR (22) 


= velocity of the k frame relative to the k’ frame). This makes it evident that 
the equilibrium distribution f,: is (not surprisingly) identical with that of the two- 
fluid model? (v, = v/mR, v, > 0 in equilibrium). The total momentum in the / 
frame becomes 


(Preq = (9 + breq)(N)/R = v(1 — wo/w)N)/R; (23) 
the fact that it does not vanish (for 7 < T,) is a consequence of the asymmetric 


character of the effective Hamiltonian (pairing in the k’ frame). All attenuating 
mechanisms, like impurity scattering, must lead to the same equilibrium state. 
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As long as | 6y,,| “ '/,, the equilibrium remains close to the ‘valley state.” Ac- 
cording to equations (16) and (21), this requires fairly low temperatures (8A > 1). 
Specifically, in experiments on persistent currents where v (the magnetic flux quan- 
tum number) is often a very large number (~10°, say), the condition is T < 7’, 
where 1 /¢, for In| »} > 1,8 may be written in the form of an expansion: 


1/e = 0.57[In| »| + */2 In (32x In| »| + ...)]. (24) 


As the temperature is raised toward the value 7, = €7'.. 6»,, approaches the critical 
value — '/, (if » > 0); then any initial state (—!/, < 6» < '/,) necessarily decays 
in the direction of decreasing current (d In (P,)/dt < 0). 

Finally, we raise T above 7;. The free energy would then certainly be lowered 
if the system were allowed to ‘‘drop into the neighboring valley” (v ~ » — '/., if 
vy >0O). But this would involve, as Bohr and Mottelson! say, a “‘macroscopic modi- 
fication’”’ of the system: a large number of Cooper pairs would have to change their 
wavefunction. Before doing so, the system presumably prefers to let the backflow 
grow (6y < —!/,) while » remains unaltered: the pairing forces remain effective in 
the same k’ space. The metastable state finally reached is again determined by 
equations (21-23), in accordance with the two-fluid model (but now 6»,, << — 1/4). 
Clearly, in the temperature interval 7, < 7 < T,, the half-integral nature of v is not 
directly relevant for the metastability of the terminal state, although it provides a 
more convincing reason for the constancy of » during the decay process. 

* This work was supported in part by the U.S. Atomic Energy Commission. 
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RESOLUTION OF DUAL MECHANISMS OF POTASSIUM ABSORPTION 
BY BARLEY ROOTS* 
By EMANUEL Epstein, D. W. Rains, anp O. E. ELzam 
DEPARTMENT OF SOILS AND PLANT NUTRITION, UNIVERSITY OF CALIFORNIA (DAVIS) 
Communicated by G. Ledyard Stebbins, March 21, 1963 
The concept that ions are transported into plant cells through transient attach- 
ment to carriers, initially based on a variety of experiments and considerations, ! 
has more recently received specific support from the findings that the kinetics of 
absorption are in close agreement with classical enzyme kinetics.2. Among the 
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chief advantages gained through this approach is the fact that the enzyme-kinetie 
analysis of transport provides a rationale for selectivity. Selective transport is 
interpreted in terms of binding of the ions to ion-specific or ion group-specific 
sites of carriers. Competition among ions, on equal or unequal terms, and other 
kinds of interaction become amenable to quantitative treatment and to interpre- 
tation in terms of differential affinities of carrier sites for different ions. Research 
along this line! * has led to the conclusion that a multiplicity of carrier sites is 
involved in the transport of the many ionic species to which roots and other tissues 
are exposed and which they selectively absorb from the inorganic substrates. 

Chemically related ions may have virtually equal affinities for common carrier 
sites, as evidenced by their mutually competing on almost equal terms. The 
pair K-Rb is a case in point.2;* More surprising was the finding that a single ionic 
species, Rb, was found to be transported by two discrete mechanisms, one operating 
at low external Rb concentrations and very indifferent to Na, the other coming 
into play at high Rb concentrations and possessing pronounced affinity for Na as 
well.? Since recent research' has revealed Ca ions to be indispensable to the 
unimpaired functioning of selective K-Rb transport, the work presented in this 
paper was undertaken in the expectation that inclusion of Ca in the experimental 
solutions, together with improved experimental technique,> would permit a more 
precise resolution of the two K-Rb transporting mechanisms than has been achieved 
so far, as well as a clear definition of the effect of Na on the two mechanisms. 
This expectation was realized. 

Methods.—Culture of seedlings: Seeds of barley, Hordeum vulgare var. Arivat, were germinated 
and seedlings grown in the dark in aerated solutions of 2 x 10~*M CaSO,, as described earlier.‘ 

The absorption experiments: Samples of roots weighing 1.00 gm (fresh weight) were suspended 
for about 30 min in an aerated solution of 0.5 mM CaCl, at 30°C prior to the absorption period. 
Just before the absorption period, each sample was rinsed for 1 min with fresh 0.5 mM CaCl, at 
30°C, excess solution was spun out, and the sample was transferred to the aerated experimental 
solution at 30°C. 

Except in the experiments with sulfate as the anion, each solution contained, in addition to the 
chloride of the monovalent cations under consideration, CaCl, at 0.6 mM. The pH of the experi- 
mental solutions (unbuffered) was 5.9, and seldom varied by more than 0.2 pH units during the 
experimental runs. Differences in pH of this magnitude do not measurably affect absorption rates 
at any of the concentrations used. The volumes of the experimental solutions ranged from 2,000 
ml at the lowest substrate ion concentration used (0.002 mM) to 250 ml at the highest concentra- 
tions. Volumes were chosen in such a manner that depletion of the solutions due to absorption by 
the roots did not lower the concentration of the substrate ion by more than 5-6% during the 10 
min experimental run. 

Substrate ions were radioactively labeled, K with K*? (subsequently called K*) and Rb with 
Rb* (Rb*). After absorption from solutions in the higher concentration range used (0.5 to 50 
mM K* or Rb*), the roots contain a fraction of readily exchangeable K* or Rb* ions held by super- 
ficial exchange sites probably associated with the cell wall.';® These readily exchangeable K* or 
Rb* ions were desorbed at the end of the absorption period by a 30 min exposure of the tissue to 
an aerated, cold (5°C) solution of 5.0 mM KCl and 0.5 mM CaChk.§ Details of the experimental 
technique have been described.’ Modification of the procedure in experiments in which the anion 
was sulfate instead of chloride will be described in connection with those experiments. Rates, v, 
throughout are reported in terms of umole/g/hr, and concentrations of substrate salts in terms of 
mM for chlorides and meq/I for sulfates, so that equal numbers refer to equal mM concentrations 
of the monovalent substrate cations. Rates were constant for at least 1 hr at all concentra- 
tions.5,7 


Results.—F igure 1 presents the results of an experiment on K absorption from 
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Fic. 1.—Rate of K absorption as a function of the concentration of KCl. CaCl, 
0.5 mM throughout. Temperature, 30°C. The circles represent experimental data; 
the solid line represents equation (1), with the following parameters: Ky ; 0.021 mM, 
Vinax 1 11.9 wmole/g/hr, Ky 2 11.4, Vax 2 13.2. The dashed line represents the first 
term only of equation (1). 


solutions ranging in concentration from 0.002 mM KCl to 50 mM. In order to 
accommodate the data over this wide range of concentrations, the horizontal scale 
only is changed between 0.2 and 0.5 mM. The points, as in all figures, represent 
the data from a single experiment, unreplicated. Quantitative analysis of the 
absorption kinetics and the final equation arrived at were based, first of all, on the 
obvious conclusion that we are dealing with two absorption mechanisms. Over the 
0.002 to 0.2 mM concentration range of K, a single Michaelis-Menten term de- 
scribes the relation between concentration and rate of absorption. The mechanism 
defined by this term operates almost at saturation Jevel at 0.2mM K. The equa- 
tion for this term was obtained by making a Lineweaver-Burk plot,” 1/v versus 1/(S), 
of the data. This plot yielded a straight line which was determined by the least 
square method. The calculation yields the values for slope and intercept of the 
Lineweaver-Burk plot, from which the values for Vinax and Ks were calculated. 
These values were inserted into the Michaelis-Menten equation, first term of (1), 
yielding the theoretical absorption rates, v, represented by the solid line at the low 
concentrations, continued by the dashed line at the higher concentrations (lig. 1). 
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Over the high concentration range of 0.5 to 50 mM K, absorption rates consist 
of two terms: the contribution from the low-range mechanism 1 discussed above, 
operating virtually at maximal velocity, and a contribution from a second mech- 
anism with much lower affinity for K. The contribution by this mechanism 2 was 
calculated separately. First, the theoretical contribution to the observed velocity 
from the low-range mechanism 1 was calculated for each high-range concentration 
(dashed line) and subtracted from the experimental value. The resulting v» 
values, representing velocities due to the upper-range mechanism 2 only, were used 
to construct a Lineweaver-Burk plot which gave a straight line whose y intercept 
and slope were calculated as indicated above, yielding values for Vinax 2 and Ky» 
for this mechanism 2 only. The actual velocity, v, represents the sum of the con- 
tributions to the total velocity from both mechanisms (equation 1). 

Equation (1) with the constants given in the legend of Figure 1 describes the 
relation between the K concentration in the solution and the rate of K absorption 
over the 25,000-fold range of concentrations explored (the solid line of Fig. 1). 

Identity of K and Rb transporting mechanisms in this tissue has been demon- 
strated before.*»4 Figure 2 gives the results of an experiment in which the 
absorption of Rb instead of that of IK was investigated. The relation between 
concentration and rate of absorption of Rb (from RbCl) closely resembles 
that for K. For the low concentration (high affinity) mechanism 1, the Michaelis 
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Fic. 2.—Rate of Rb absorption as a function of the concentration of RbCl, over the range 0.01 
to 50 mM, with CaCl at 0.5 mM, and as a function of the concentration of RbeSO,, over the range 
3 to 50 meq/I, with CaSO, at 0.5 mM. Circles and triangles represent experimental data; the 
solid line over the low range, continued by the dashed line, represents the first term of equation 
(1), with these parameters: Ky ; 0.017 mM, Vimax1 10.0 wmole/g/hr. The solid lines over the 
upper range represent equation (1) with the above parameters for the first term and, for RbCl, 
Ky 2 14.5, Vmax 2 11.8; and for RbeSO,y, Ky 2 37.9 meq/I, Vmax 2.3. 
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constant Ky» for K is slightly higher than that for Rb, whereas the reverse is the 
vase for the high concentration (low affinity) mechanism 2. Maximal velocities are 
slightly higher for K than Rb absorption by both mechanisms, suggesting that rates 
of metabolic turnover in the presence of K are somewhat greater than with Rb. 
The high affinity mechanism 1 of K-Rb uptake is very indifferent to Na ions. 
Figure 3 shows a Lineweaver-Burk (1/v versus 1/(S)) plot of K absorption over the 
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Fig. 3.—Lineweaver- 
Burk plot of K absorp- 
tion over the range 0.005 
to 0.2 mM_ KCl, in the 
absence of NaCl and its 
presence at 0.5 mM. 
Other conditions as for 
Fig. 1. 
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low concentration range (0.005 to 0.2 mM), in the absence of Na and its presence at 
0.5 mM. Competition by Na is slight, the Ku for K being 0.026 mM, whereas 
the K; for Na is 1.25. Maximal velocities Vmax were 11.9 umole /g/hr in the absence, 
and 12.2 in the presence, of Na, evidence that the interference by Na, though weak, 
is competitive in nature. 

While Na competes ineffectively in the high-affinity mechanism 1 of K-Rb ab- 
sorption, it is a potent competitor in the low affinity mechanism 2 which comes into 
play in the upper concentration range. Figure 4 presents the findings for K ab- 
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Fig.  4.—Lineweaver- 
0.8 Burk plot of K absorption 
over the range 3 to 50 

I mM KCl, in the absence 
0 of NaCl and its presence 
at 2.0mM. Other condi- 
itions as for Fig. 1. 
04 Rates v represent the con- 
tribution of the second 
term of equation (1) only 
—see text. 
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sorption rates over the 3-50 mM range of K concentrations, in the absence of Na 
and in its presence at 2.0mM. The data are presented in the form of Lineweaver- 
Burk plots. The rates, v2, the reciprocals of which are plotted on the y axis, repre- 
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sent the contribution from the low affinity mechanism 2 only. The contribution 
made by the high affinity (low concentration range) mechanism | was independently 
determined and subtracted from the total rates obtained over the 3-50 mM range 
of concentrations, as described above. The Michaelis constant for K, Ky, is 17.3 
mM, and the constant, Ky; for Nais0.84mM. The interference by Na with K ab- 
sorption is competitive. In a similar experiment on Rb absorption over the same 
concentration range, Na at 10 mM virtually eliminated Rb absorption by the upper- 
range mechanism 2. 

In the above experiments, the anion was chloride throughout. Since chloride 
itself is absorbed at appreciable rates by this tissue, K-Rb absorption was studied 
in the presence of an anion whose rate of absorption is very much less. Sulfate is 
such an anion.’ In the experiments with SO, the roots, grown initially in CaSO, 
solution as always, were kept before the absorption period proper in an aerated solu- 
tion 0.5 mM with respect to CaSO, instead of CaCl, were rinsed just prior to the 
absorption period with 0.5 mM CaSO, solution, and were then transferred to the 
experimental solutions which contained Rb2*SO, and in addition, 0.5 mM CaSQ,. 
That is, treatment of the tissue with respect to Ca was precisely as in the other ex- 
periments, but SO, was substituted for Cl throughout. (The original, high specific 
activity Rb*Cl solution used to tag the Rb.SO, stock solution contributed Cl to the 
extent of '/ 36000 of the SO; present, on an equivalent basis.) 

Figure 5 shows the results of an experiment on Rb absorption over the low range 


Rb, from S04 


Fig. 5.—Rate of: Rb absorp- 
tion as a function of the concen- 
tration of RboSO,. CaSO,, 0.5 
mM throughout. Other condi- 
tions as in Fig. 1. The circles 
represent experimental data; 
the line represents the first term 
of equation (1), with these pa- 
rameters: Ky ; 0.016 mMM,Vinax 1 r 
9.1 wmole/g/hr. 
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of concentrations of Rb2SO, (0.002 to 0.2 meq/l). The solid line represents the 
relation described by equation (1) with Vinax and Ky» values given in the legend of 
the figure. These values were calculated by the least square method from a Line- 
weaver-Burk plot of the data. Results were virtually identical with those obtained 
when the anion was chloride, over the same range of Rb concentrations (Fig. 2). 
The same indifference to the identity of the anion is not characteristic of the ab- 
sorption mechanism operating at the higher concentrations (mechanism 2). Figure 
2 shows the result of an experiment in which absorption of Rb from RbCl and Rb:- 
SO, was compared, at the high concentration range (3-50 meq/l). Analysis of the 
kinetics was as described above. The contribution to the velocity from the low 
concentration range mechanism 1 was determined using RbCl, since there is no 
significant difference in the Vmax 1 obtained for this range, whether Cl (Fig. 2) or 
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SO, (Fig. 5) is the counterion. Over the high concentration range the results of 
the Cl run in this experiment closely resemble those obtained in other experiments 
with Rb and K. With SO, as the anion, on the other hand, Rb absorption rates 
are very much Jower. Whereas for the Cl run, the Kuz for Rb was 14.5, it was 
37.9 with SOy. Maximal velocities Virax 2 were 11.8 and 2.3 wmole/g/hr with Cl 
and SQ, anions, respectively. 

Discussion.—Kinetics: A single equation consisting of the sum of two Michaelis- 
Menten terms (equation 1) describes with impressive precision the relation between 
the external concentration of K or Rb and the rate of absorption of these ions by 
barley root tissue, over a 25,000-fold range of external concentrations (0.002 to 50 
mM). These findings and the approximately 500- to 1,000-fold difference in the K 
and Rb Kw values for the two Michaelis-Menten terms are evidence for the duality 
of the K-Rb transport mechanisms. Sodium competes in both mechanisms, but 
its affinity for the low concentration range mechanism | is on the order of 1 per cent 
of the affinity of K-Rb for this mechanism, as judged by the Ky and Ky values, 
whereas in mechanism 2 the affinity of Na exceeds that of K by a factor of about 
20. 

Absorption of K-Rb by the high affinity mechanism 1 is autonomous cation 
transport independent of the concentration of the anion and the rate of absorption 
of the anion. In the Cl experiments, CaCl. was present throughout at 0.5 mM. 
The concentration of Cl therefore varied between the narrow limits of 1.0 and 1.2 
mM, over the 0.002 to 0.20 mM range of K or Rb concentrations. At 0.20mM K 
or Rb, this mechanism operates virtually at saturation level, while yet the Cl con- 
centration is 6 times that of the cation. The rate of cation transport is therefore a 
function of the degree of saturation of entities binding the cations in the process of 
transport, irrespective of the extent of concomitant anion transport. The rate of 
K-Rb transport in the presence of Cl is identical over this range with that observed 
with SO, as the counterion—an ion whose rate of absorption is extremely low com- 
pared with that of K-Rb and of Cl. This is further evidence for the autonomous 
nature of K-Rb transport, in keeping with earlier conclusions.' * ® ° The mecha- 
nism is by exchange of the cations absorbed with H ions which are released.® % 

Over the high concentration range, Rb absorption from SQ, solutions is greatly 
depressed, compared with absorption from Cl solutions. This influence of the 
anion on the rate of absorption of the cation has been the general experience in the 
past (except 9). For example, Hoagland"! reported that “accumulation of potas- 
sium from the sulphate was much smaller than from the chloride, bromide, or nitrate, 
as though the rate of accumulation of the cation, or the equilibrium value attained, 
was markedly influenced by the mobility of the anion.’”’ The experiments leading 
to those conclusions were done at concentrations of salt falling within the high 
range where mechanism 2 (the low affinity mechanism) participates in absorption. 
The present experiments show that the anion has no such influence on K-Rb ab- 
sorption mediated by the high affinity mechanism 1 operating at low external con- 
centrations. The differential response of K-Rb transport to the identity of the 
anion at low and high cation concentrations constitutes further evidence for opera- 
tion of two discrete K-Rb absorption mechanisms. 

Experiments on mechanisms of ion transport are conventionally done at con- 
centrations which are high in terms of the K and Rb Ky; and Km: values reported 
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here—so high that both mechanisms can be expected to make contributions to the 
total observed rate of absorption. Quantitative relationships are often sought be- 
tween the velocities observed and parameters such as respiration rates'? or mem- 
brane potentials.'* It will be necessary, in attempting such correlations, to take 
cognizance of the evidence that rates of absorption observed at these concentrations 
may represent summations of terms contributed by different transport mechanisms. 

The duality of K-Rb transport does not imply that Michaelis-Menten kinetics 
are not followed, as has been claimed.'* Such duality was first inferred from ex- 
periments showing conformity with double Michaelis-Menten kineties,? and sub- 
sequent confirmation of this concept has similarly been based mainly,* % ' '® 
though not exclusively,* ' on analysis in terms of Michaelis-Menten kinetics. The 
present experiments, done unlike the others in the presence of Ca, sharply differen- 
tiate between two K-Rb transport mechanisms, and demonstrate the applicability 
of Michaelis-Menten kinetics to both. 

An alternative interpretation: Dual Michaelis-Menten terms in ion transport 
have heretofore been interpreted on the basis of two kinds of binding sites with 
different affinities for one and the same ionic species. Another interpretation of 
such kineties is possible. If, at low concentrations, one substrate ion is bound per 
carrier site, but at higher concentrations two ions of the substrate element are bound 
per active carrier site, and are bound more loosely than is the single ion, then 
kinetics like those observed would be expected (ef. ref. 18). If we are dealing with 
discrete sites, the possibility must be borne in mind that they may deliver ions into 
different compartments or “inner spaces.” 

Physiological significance: The high affinity mechanism 1 of K-Rb absorption 
operates at half-maximal velocity at an external concentration of about 0.018 mM. 
This corresponds to 0.7 ppm K—a concentration of the order expected in soil solu- 
tions. Much lower concentrations yet may prevail in the immediate microenviron- 
ment of roots in soil. It is therefore very significant that of two demonstrable Kk 
absorption mechanisms in barley roots, one has a very high affinity for K ions. 
Recent experiments’ have demonstrated that barley plants can grow well in solu- 
tions maintained at the very low level of 0.02 to 0.03 ppm K, or 0.0005 to 0.00075 
mM. At these concentrations, the high affinity mechanism 1 would operate, under 
our experimental conditions, at several per cent of its maximal rate, while the con- 
tribution from the low affinity mechanism 2 would be infinitesimal. 

Selectivity in the absorption of K and Na by growing plants is likely to be an 
expression of the operation of specific transport mechanisms like those described 


here. Plants growing in many saline soils absorb K from solutions with very wide 
Na/K ratios. This suggests existence of absorption mechanisms with much higher 
affinity for K than for Na, like the high affinity mechanism 1 described here. Both 
mutual interference between these elements and failure to interfere have been en- 
countered in conventional, long-term experiments. Interpretation of these 
phenomena in terms of dual mechanisms with different affinities for K and Na will 


prove rewarding. 

Summary.—The relationship between the rates of absorption of K and Rb by 
barley roots and the concentration of these ions in the external solution, over the 
range 0.002 to 50 mM, is predictable on the assumption that two carrier sites bind 
and transport the ions. One of these operates at half-maximal velocity at a con- 
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centration of about 0.018 mM, with very low affinity for Na, the second at about 


16 mM, with severe competition by Na. The latter but not the former mechanism 


is inhibited when SQ, is the anion instead of Cl. 
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SYNTHESIS OF TRANSFER RNA BY ISOLATED NUCLEI* 
By MarGaret I. H. CurpcHask anp Max L. BrrnstTren 
DIVISION OF BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY 
Communicated by James Bonner, March 15, 1963 


In the course of earlier experiments on the incorporation of labeled nucleosides 
into RNA by isolated nuclei! we observed that much of the newly synthesized RNA 
is soluble in 1 M NaCl, as is transfer RNA.?~‘  Sirlin has reported the incorporation 
of pseudo-uridine into nuclei, allegedly into transfer RNA,> ® and the presence 
of amino-acyl RNA in thymus nuclei has been shown by Hopkins.’ Since the pea 
nuclei with which we work are capable of protein synthesis,’ they might therefore be 
suspected of containing transfer RNA. It will be shown below that isolated pea 
nuclei not only contain, but possess the ability to synthesize, transfer RNA. 

Materials and Methods.—Analytical reagent grade chemicals were used throughout. ATP, 
CTP, GTP, UTP, UMP, uridine, phosphocreatine, and crystalline DNAse were obtained from 
Sigma. Creatine phosphokinase was obtained from the California Corp. for Biochemical Re- 
search. Sodium penicillin-G was a gift of Chas. Pfizer and Co., New York. 2-hydroxy-3-naphthoic 
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acid and tetrazotized o-dianisidine were supplied by Dajac Laboratories, Borden Chemical Co., 
Philadelphia. Uridine-H* and L-leucine-C" (5 microcuries/micromole) were purchased from New 
England Nuclear Corp., Albany, and algal C'*-protein hydrolysate (30 microcuries/mg) from 
Nuclear Chicago Corp. Actinomycin D was a gift of Merck, Sharp and Dohme, Rahway, N.J. 

Preparation of nuclei: 2 kg of 48 hr-old pea embryonic axes or the tips of 4 day-old pea seedlings, 
sterilized by treatment with 2% Purex for 3 min at room temperature, were soaked in 0.05 M 
CaCl, for 20 min and rinsed three times with ice-cold distilled water. They were then ground in 
the pea-popper! with the simultaneous addition of 25 ml grinding medium (2 M sucrose + 0.006 
M CaCl.) per 100 ml final volume of juice. The homogenate was then filtered through Miracloth 
and the nuclei sedimented by a 10 min centrifugation at 350 * g as previously described.' All 
procedures were carried out at 0-4°C unless otherwise specified. 

Preparation of RNA: The nuclear suspension was stirred with an equal volume of water- 
saturated phenol in the cold for 45 min and the nuclear RNA prepared by a modification of the 
method of Kirby. This procedure extracted 75-80% of the RNA. DNA contamination, meas- 
ured by the diphenylamine reaction," was found to be negligible (less than 3%). 

If partial purification of the transfer RNA were required, the nuclear RNA was extracted at 
0°C overnight with 1 M NaCl saturated with phenol, the insoluble material sedimented, and the 
RNA of the supernatant precipitated with 2.5 volumes of ethanol and washed three times with 
ethanol. Amounts of RNA were routinely determined by absorbancy at 260 my in distilled 
water. For counting, the acid-washed RNA samples! were dissolved in distilled water and 0.1 
ml aliquots counted in 10 ml scintillation fluid" in a Packard automatic scintillation counter 
TRICARB Model No. 314-DC. 

Preparation of pH 5 enzyme: 200 gm of pea embryonic axes were ground with 100 ml 0.4 M 
sucrose for 10-20 sec at full speed in a Waring blendor. After filtration through a double layer 
of Miracloth the juice was centrifuged for 4 hr at 104,000 « g and the supernatant was adjusted 
to pH 5 with acetic acid and the precipitate sedimented at 35,000 x g for 20 min. The pellet 
was homogenized in 0.01 M Tris at pH 7.4 and any insoluble material removed by centrifugation. 

The supernatant contains a considerable amount of RNA as well as the pH 5 enzymes. The 
preparation was partially freed of RNA by precipitation with protamine sulfate added as solution 
(10 mg/ml) in the ratio 1.5 mg protamine sulfate to 1 mg RNA." After 5 min at 0°C the pellet 
was centrifuged at 20,000 < g in the Spinco for 15 min and the supernatant withdrawn. Such a 
treatment removed 70% of the RNA from the enzyme preparation. 

Formation of dye-bound RNA: This procedure, originated by Zamecnik and co-workers,'* has 
been slightly modified for the present material. Nuclei were incubated with uridine-H* (2020 
microcuries/micromole) for 20 min under the conditions described earlier.! The RNA was then 
extracted? and, in one set of experiments, purified by 1 M NaClextraction. It was next incubated 
with pH 5 enzyme as described in Table 1 except for the C'-L-leucine which was replaced by a 
mixture of all the L-amino acids, 20 micrograms each/ml incubation mixture. Incubation was 
for 15 min at 37°C. The reaction was stopped by the addition of an equal volume of phenol. 
The amino-acyl RNA was extracted and precipitated with '/io volume of 2 M potassium acetate 
and 2.5 volumes of ethanol, and kept at —12°C overnight. The precipitate was then dissolved 
in a small volume of distilled water and stirred with acid-washed charcoal. The RNA was next 
reprecipitated with '/19 volume of 20% sodium acetate and 2.5 volumes of ethanol for at least 
4hr. The RNA pellet was then redissolved in distilled water. 

Oxidation: The oxidation with periodate was carried out as described by Zamecnik et al.'8 After 
precipitation of the periodate, the supernatant was dialyzed against a large volume of distilled 
water to remove the remaining periodate and any contaminating oligonucleotides and the RNA 
then precipitated with sodium acetate and ethanol as before. 

Addition of 2-hydroxy-3-naphthoic acid: The oxidized RNA pellet was dissolved in distilled 
water and the addition of 2-hydroxy-3-naphthoic acid carried out as described by Zamecnik et al." 
Some precipitation of brownish material occurred and this could not again be brought into solu- 
tion. In a preliminary study with C'-leucyl-RNA, it was found that the insoluble material con- 
tains no radioactivity and therefore does not represent a loss of transfer RNA. 

Formation of dye-bound RNA and fractionation: Reaction of tetrazotized-o-dianisidine with 
the hydrazono-RNA was carried out as described by Zamecnik et al.!* The mixture of dye-bound 
and free RNA was alcohol washed, then dissolved in distilled water and fractionated in a propanol- 





694 BIOCHEMISTRY: CHIPCHASE AND BIRNSTIEL Proc. N. AS. 


phosphate system.'® Alternatively, an ammonium sulfate fractionation was used. Nine volumes 
of ice-cold 2.5 M ammonium sulfate, pH 5, were added to the aqueous solution to yield a final 
concentration of 2.25 .M." This solution was kept at 0°C for 10 min and the fine precipitate then 
This procedure precipitates approximately 90% 
The pre- 


centrifuged down at 35,000  g for 15 min. 
of the dye-bound RNA" leaving the dye-non-bound amino-acyl RNA in solution. 
cipitate of dye-bound RNA was washed once with 5°¢ TCA, and then twice with 70% ethanol 
+0.5°% sodium acetate pH 5 and once with absolute ethanol. The dye-non-bound RNA was 
precipitated from the dialyzed sulfate solution by the addition of TCA to give a final concen- 
tration of 5°%, the mixture kept at 0°C for 10 min, and the precipitate sedimented at 35,000 X y 
in the Servall for 15 min. The precipitate was washed as above. Each precipitate was dissolved 
in distilled water, 560 mu and 260 my absorptions determined, and an aliquot counted. 
Experimental Results.—That nuclei contain an active transfer RNA is shown by 
the following experiment: isolated pea stem nuclei were incubated and extracted 


as described in the legend of Figure 1. The data of Figure 1 show that labeled 
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Fic. 2.—Size distribution of nuclear RNA and 
localization of transfer RNA on a sucrose density 
gradient. Sucrose density gradient (20 ml) of 
20-5) sucrose in .O1 M tris (pH 7.1) and 1% 
phenol was set up according to Bolton et al." and 


Fic. 1.—Formation of amino-acyl 
RNA in isolated nuclei. Incubation 
mixture: ATP, CTP, GTP, and UTP, 
0001 M each; tris .02 M; phospho- 


creatine .02 M; creatine phosphokinase 
100 ug/ml; CaCl .003 M; MgCl 
0001 MM;  C'-protein — hydroly- 
sate 2 uwc/ml; final pH 7.0, incubation 
at 37°C. Aliquots were precipitated 
at intervals by addition of an equal 
volume of phenol. RNA’ was ex- 
tracted’ and washed as described in 
Table 1. 


overlayered with an inverse gradient of approxi- 
mately 1 mg RNA in a sucrose gradient of 4-0%. 
A covering layer of paraffin oil prevented tubes 
from collapsing and rendered gradients more 
stable for handling. The tubes were centrifuged 
12-14 hr in the Spinco rotor No. 25 at 24,000 rpm, 
then pierced and 1 ml fractions collected. Each 
fraction was precipitated with ethanol/acetate 
(66/2), thoroughly washed to remove the 


phenol, and then tested for C'-leucine incorpora- 
tion as described in Table 1. 


amino acids are incorporated into nuclear amino-acyl RNA. 

That nuclear RNA can also bind amino acids in vitro is shown by the results of 
experiments in which phenol-extracted nuclear RNA was incubated with L-leucine- 
C' and pH 5 enzyme prepared from whole pea tissue. The data of Table la show 
that under these conditions nuclear RNA incorporates labeled amino acid. The 
amino acid incorporated is completely liberated by hot 5% TCA treatment. There 
is no such incorporation in the absence of pH 5 enzyme. These facts indicate 
that the amino acid is incorporated into amino-acyl RNA. The active transfer 
RNA present in the nuclear preparation could not have derived from contamination 
of the preparation by cytoplasmic transfer RNA, or even from transfer RNA released 
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TABLE 1 
INCORPORATION OF L-LEUCINE-C'! INTO RNA 


Incorporation 
Experiment RNA source oH 5 enzyme source (epm/mg RNA)t 
7 pm, + 


(a) Nuclei Cytoplasm 147 
Purified* nuclei Cytoplasm 136 
Cytoplasm Cytoplasm 276 
(b) Cytoplasm Nucleit 265 
Nuclei Nucleit 86 
Nuclei Cytoplasm 83 
(a) 300 we RNA incubated with 2 mg enzyme protein. 
(b) 300 wg RNA incubated with 250 wg enzyme protein. 
* These nuclei were purified by resuspension in 4% ficoll, containing 0.003 M CaCh; 0.35 M sucrose, 
tris 0.001 M; pH 7.2 and sedimented at 350 X g for 10 min. 
+ The pH 5 enzymes were prepared from the 104,000 x g nonparticulate supernatant of the nuclear 
homogenate! as described in Methods. 
t¢ The incubation mixture contained: ATP 10-3 M; CTP 107% M; MgCl: 1073 M; phosphocreatine 
0.01 M; tris-HCl 0.01 M; creatine phosphokinase 100 yg/ml; L-leucine-C' 2 wC/ml; pH 5 enzymes 
and RNA as specified above. Incubation at 37°C for 10 min. The RNA was precipitated together with 
500 wg carrier RNA and 0.5% unlabeled D,L-leucine in 66% ethanol + 0.5% sodium acetate pH 5.0. 
Zero time samples were precipitated immediately after addition of pH 5 enzyme to the otherwise complete 
incubation mixture. Samples were washed and counted according to Hoagland et al.'* Control incuba- 
tion without added RNA showed only negligible incorporation. 


from contaminating cytoplasmic ribosomes, since nuclei which had been washed 
free of lighter contaminants in 4% ficoll solution also yielded active transfer RNA 
(Table 1a). 

Since intact nuclei possess the ability to form amino-acyl RNA, they should also 
contain amino acid activating enzymes as well as transfer RNA. Active pH 5 
enzymes may in fact be prepared from nuclei as described in Table 1. Nuclear pH 
5 enzyme and RNA are as reactive with the corresponding cytoplasmic fractions 
as with each other. This is shown by the cross-incubation experiment of Table 
ib. Similarly, cytoplasmic RNA is reactive with both nuclear and cytoplasmic acti- 
vating enzymes. 

The apparent differences in activity between nuclear and cytoplasmic RNA 
(Table 1b) are unimportant. Since total extractable RNA was used for these ex- 
periments, the differences probably reflect no more than the different amounts of 
active transfer RNA in the two preparations. 

To distinguish transfer RNA from other RNA species in our nuclei we have used 
the sucrose density gradient technique described in the legend of Figure 2. The 
results show clearly that the ability to accept C'*-L-leucine is confined to a peak of 
small molecule RNA. Labeled uridine can also be incorporated into the material 
of this peak. Thus, in a further experiment RNA was extracted with phenol from 
embryo nuclei previously incubated with uridine-H* (25 microcuries/ml; 1200 
microcuries/uM) and subsequently fractionated by the density gradient procedure 
(Fig. 3). Control nuclei were incubated with uridine-H* at 0°C for the duration 
of the experiment and fractionated in an identical manner. 

After 8 min incubation with uridine-H* the extractable RNA contains approx- 
imately 20% of the total activity (the remainder being nonextractable messenger 
RNA which is retained in the phenol phase"*) of which half is present in the transfer 
RNA peak. The data of Figure 3 show that specific activity reaches a high level 
in the peak previously identified as transfer RNA by amino acid labeling. It 
is clear therefore that RNA of the same size as the previously characterized transfer 
RNA is synthesized within the nucleus. The very high specific activity observed 
in the last fraction is probably due to newly synthesized oligonucleotides since it was 
not observed in samples which had been dialyzed before fractionation. 
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Fig. 3.—Incorporation of uridine-H? into RNA 
of different molecular size by nuclei. An incuba- 
tion mixture optimal for incorporation of tritiated 
nucleosides into RNA? was used. It was supple- 
mented by penicillin-G (500 units/ml). Zero 
degree controls were kept in ice for the duration 
of the experiment. The reaction was stopped by 
the addition of unlabeled uridine and UMP (1000- 
fold excess) and an equal amount of phenol. 
The sucrose density gradient fractionation was 
carried out as described in Fig. 2, and the 
individual fractions washed (3 times) with 80°, 
aleohol +2°% perchloric acid, containing excess 
uridine, UMP, and UTP, twice with ethanol, 
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The small molecule RNA (48) does 
not exhibit rapid turnover as does the 
messenger RNA which several workers 
have reported in higher organisms. '*~*° 
This is evident in the pulse chase ex- 
periment of Figure 4. The addition of 
unlabeled uridine (as uridine, UMP, 
and UTP) to whole nuclei quenches the 
incorporation of tritiated uridine al- 
most immediately. Changes in the 
activity of RNA components after 
quenching are therefore due to redis- 
tribution of the previously incorpo- 
rated label. The effect of quenching 
upon the redistribution of label is shown 
in Table 2. It is clear that all frac- 
tions but one increase in specific ac- 
tivity after quenching. Ribosomal 
fractions (III and IV) exhibit a more 
than 2-3-fold increase in specific ac- 
tivity. Transfer RNA shows a smaller 
increase in specific activity. Only the 


and assayed for radioactivity and 260 my 


oligonucleotides exhibit a dramatic de- 
absorption. 


crease in specific activity after the 
quenching, showing that the quench has in fact taken effect on the extractable 
RNA. Since the oligonucleotides are probably precursors of the larger RNA mole- 
cules, one would expect them to be sensitive to the quenching. 


TABLE 2 
CHANGES IN DISTRIBUTION OF UrRIDINE-H? LABEL IN PULSE-CHASE EXPERIMENT 


Specific ac tivityt (epm/mg RNA) 
After 7 min After 23 min 
pulse chase 


39,300 11,500 
II 4 Transfer RNA 8,620 12,400 
III 18 Ribosomal 1,260 2,660 
IV 28 Ribosomal 714 2,160 


Sedimentation 
Region* constant S2o,w 


I —_ 


Type of RNA 
Oligonucleotide 


* Compare with Figure 3. . 

+ PVP-purified nuclei were incubated for 7 min with uridine-H* (40 ue/ml; 6740 we/uM) as described 
in Figure 3. One half was precipitated and extracted with phenol, and the other half quenched by the 
addition of unlabeled uridine (1000-fold), UMP (1000-fold), and UTP (500-fold), and incubated further 
for 23 min at 37°C. The RNA from the chased preparation was isolated likewise. Each RNA 
preparation was fractionated on a sucrose density gradient, as described in Figure 2, and the individual 
peak fractions examined in an analytical Spinco Model E. 


Thus, 


The synthesis of small molecule RNA appears to be DNA-dependent. 
treatment of pea nuclei with DNAse depresses the incorporation of uridine-H# 


and cytidine-H* into RNA by 90-100%. Actinomycin D, a specific inhibitor of 
DNA-primed RNA synthesis,?2~?4 also inhibits incorporation of uridine-H* by 
nuclei (Fig. 5). The highest concentration of actinomycin D employed (1.6 uM/ml) 
suppresses all but 18% of the incorporation into RNA. In an experiment in which 
the RNA, extracted from nuclei after incubation with 1.2 u.M/ml actinomycin, was 
fractionated by 1 M NaCl extraction, it was found that incorporation of uridine-H? 
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into the nucleus as a whole was inhibited by 76° and that the actinomycin sup- 
pressed incorporation into both soluble and insoluble RNA fractions by about 
75°. Thus, the synthesis of all nuclear RNA species is inhibited by actinomycin D. 
This confirms the results of Tamaoki® and is in agreement with work on the forma- 
tion of DNA-sRNA hybrids” which indicates that DNA is the template for sRNA 
synthesis. 

Rigorous evidence that the small molecule RNA synthesized by isolated nuclei is 
in fact transfer RNA is provided by application of the fractionation procedure of 
Zamecnik et al.'> The basis of this fractionation is that the terminal nucleotide of 
amino-acyl RNA cannot be oxidized by periodate treatment whereas that of non- 
amino-acyl RNA may be so oxidized. It is then possible to attach a dye molecule 
to such oxidized RNA. The dye-bound RNA may then be differentiated from the 
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Fig. 4.—Quenching of uridine-H* 
incorporation by addition of uridine 
compounds. Incubation as described Fic 
earlier.!. Unlabeled uridine, UMP, and : 
UTP in 1000-fold, 1000-fold, and 500- 
fold excess, respectively, were added to 
one half the nuclear suspension after 8 


5.—Inhibition of uridine-H® in- 
corporation by actinomycin D. Incu- 
bation mixture: ATP, GTP, CTP, 
each 10-4 M; CaCl, 2.5 x 1073 M; 


min incubation. Aliquots were precipi- 
tated in 3% perchloric acid and washed 


Tris: HCl 10-2 M; creatine phospho- 
kinase 100 ug/ml; uridine-H® (sp. act. 
2770 wC/uM, 25 wC/ml); final pH 7.6; 


as described. DNA 178 ug/ml. Incubation for 10 


min at 37°C. Aliquots counted by the 
method of Mans and Novelli.?! 


dye-non-bound RNA by their different solubilities in a propanol-phosphate system. 

This procedure yields amino-acyl RNA of high purity but in rather poor yield, 
due largely to coprecipitation of dye-non-bound amino-acyl RNA with the dye- 
bound RNA (Zamecnik et al.'*). For this reason the procedure does not provide 
a quantitative measure of amino-acyl RNA. The presence of radioactivity in the 
thus purified amino-acyl RNA fraction does however provide good evidence that the 
labeled RNA is transfer RNA. 

The results of such a fractionation are shown in Table 3. The virtually pure 
amino-acyl RNA, obtained by the propanol-phosphate fractionation of RNA ob- 
tained from nuclei previously incubated with uridine-H’, was found to contain radio- 
activity and to possess a specific activity three times that of the dye-bound RNA. 
The recovery of amino-acyl RNA is rather low, probably due to coprecipitation of 
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TABLE 3 
Dye FRACTIONATION OF NUCLEAR RNA 
Uridine-H5 Specific 
incorporated activity 
ug RNA (epm) (epm/mg RNA) 


Propanol-phosphate fractionation's of total 
phenol extractable nuclear RNA*: 


Amino-acyl RNA (dye-non-bound ) 140 142* 1,020 
Dye-bound RNA 3,920 1,160* 208 


Ammonium sulfate fractionation’ of partially 
purified nuclear soluble RNA 


Nonprecipitable amino-acyl RNA (dye- 
non-bound ) 1,340T 1,765 
(NH,)eSO, precipitable dye-bound RNA 810T 1,385 


* Incubation 15 min (25 we/ml; 2020 we/pM) 
+ Incubation 20 min (25 we/ml; 2020 we/uM) 


amino-acyl RNA with the dye-RNA or to dye-binding of transfer RNA lacking the 
amino-acyl or terminal nucleotide groups. 

When nuclear transfer RNA is first partially purified by 1M NaCl extraction and 
then fractionated by the ammonium sulfate procedure, a much higher yield of amino- 
acyl RNA is obtained. In this case the specific activities of amino-acyl and dye- 
bound RNA are more nearly the same than are those obtained by fractionation of 
whole nuclear RNA in propanol-phosphate. This is consistent with the view that 
some of the dye-bound RNA consists of incomplete transfer RNA molecules. 

The results clearly show that the uridine-labeled RNA was bound to amino acid 
during the fractionation procedure. Isolated nuclei are therefore able to synthesize 


transfer RNA. 


Summary.—We have shown that isolated pea nuclei contain an active transfer 
RNA which will accept amino acids from both cytoplasmic and nuclear amino acid 
activating enzymes. 

Isolated pea nuclei synthesize in vitro a small molecule RNA of the physical char- 
acteristics of amino acid transfer RNA. This synthesis is DNA-dependent. It 
has been shown that this RNA is in fact transfer RNA and that the in vitro syn- 
thesized molecules are capable of accepting amino acids. 


We wish to thank Professors James Bonner and Paul O. P. Ts’o for their helpful suggestions and 
criticisms. We are grateful to Phil Martin and Abbas Soleimani for their technical assistance. 
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National Institutes of Health, U.S. Public Health Service, and by grant G-7129 of the National 
Science Foundation. 
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THE SYNTHESIS OF MESSENGER RNA WITHOUT PROTEIN 
SYNTHESIS IN NORMAL AND PHAGE-INFECTED THY MINELESS 
STRAINS OF ESCHERICHIA COLI* 


By S. 8S. Conen, M. Sexicucui,t J. L. Stern, ANp H. D. BARNER 
DEPARTMENT OF BIOCHEMISTRY, UNIVERSITY OF PENNSYLVANIA SCHOOL OF MEDICINE, PHILADELPHIA 
Communicated by Britton Chance, March 28, 1963 


During the study of strains of /. coli deficient in the ability to synthesize thymine, 
uracil, and an amino acid, we compared nucleic acid syntheses in variously deficient 
cultures. We observed a slight but significant incorporation of uracil-2-C™ into 
RNA in the absence of thymine and the essential amino acid. This incorporation, 
amounting to about 10% of that in the presence of the amino acid, was, in fact, 
markedly inhibited in the presence of thymine. We therefore supposed that the 
meager RNA synthesis was that of messenger RNA, which was affected by a com- 
petition between DNA and RNA synthesis for a common template, presumably 
that of DNA, at the bacterial chromosome. We have therefore continued to 
investigate this phenomenon in both normal and phage-infected bacteria and have 
demonstrated that messenger RNA can indeed be synthesized without concomi- 
tant protein synthesis. This is particularly clear with phage-infected bacteria. 

Materials and Methods.—Uracil-2-C'* was obtained from the California Corporation for Bio- 
chemical Research. Formaldehyde-C"™ was purchased from Isotope Specialties Company and was 
standardized by the procedure of Macfayden.! Tetrahydrofolic acid was synthesized.” 

Two polyauxotrophiec mutants of EZ. coli strain 15 were used in these experiments. Strain TAU 
which requires thymine, arginine, and uracil for its growth has been described in earlier papers from 
this laboratory.*; 4 Strain THU is a newly-isolated mutant which is sensitive to many phages, 
including T6r*®, and requires thymine, histidine, and uracil. Strain THU was isolated from a coli- 
cine-resistant (CR) strain of 15H ~T~,® which was furnished by Dr. T. Okada of Kanazawa Univer- 
sity, Japan. Selection of the uracil-deficient strain was effected after four cycles of ultraviolet 
irradiation followed by penicillin screening according to the procedure of Lubin.? 

Bacteria were grown in a synthetic medium® containing mineral salts and 1 gm of glucose per liter. 
For the growth of THU this medium was supplemented with 20 ug of L-histidine, 10 ug of uracil, 
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and 2 wg of thymine per ml. In the ease of TAU, L-arginine (20 ug per ml) was added in place of 
histidine. The mass doubling time of THU and TAU in these media are 110 and 70 min respec- 
tively. The cells were cultivated aerobically at 37°, harvested at 5 X 108 cells per ml, and washed 
onee. In most experiments, cells were starved for amino acid and/or uracil by incubating for 15 
min prior to infection in the medium lacking the required compounds. Infection was performed in 
the medium supplemented with 3 mg of glucose and 50 wg of DL-tryptophan per ml.° 

Incorporation of uracil-C' was determined with the use of Millipore filters. The radioactivity of 
DNA was measured on samples incubated with 0.3 N KOH at 37°C for 20 hr and acidified prior 
to filtration. The radioactivity of RNA was estimated by subtracting the value for the alkali- 
treated sample from that for the untreated acid-precipitated sample. 

Extracts, prepared from cells ground with alumina, were made in a buffer containing 0.05 M tris, 
pH 7.5, and 0.01 M mercaptoethanol (5 ml per 10" cells). The dCMP hydroxymethylase was as- 
sayed by the method of Pizer and Cohen.’ The assay for thymidylate synthetase was that of 
Wahba and Friedkin."!: * The activity of lysozyme was determined by the method of Weidel 
and Katz.!’ The chloroform-treated cells used as substrate of lysozyme were derived from THU. 

Ribosomes were extracted from alumina-ground cells by 0.05 M Tris, pH 7.5-0.005 M MgCl, 
and purified by differential centrifugation.'* RNA was isolated from the ribosomal fraction by the 
Duponol-phenol method." Aliquots containing about 0.5 mg of RNA were run in a starch bed" 
(30 em X 3.8 em) containing 0.03 M Tris buffer, pH 7.8, for 36 hr at 4° at 150 volts and 5 mA. 
After the run the starch was cut into 0.5 cm sections and each section was eluted with 3 ml of dis- 
tilled water. Both absorbancy at 260 mu and radioactivity were measured on each eluate. Protein 
was determined by the method of Lowry et al." 


Results.—_RNA synthesis in the absence of the amino acid: When E. coli strain 
TAU, harvested during the exponential phase of growth, ts incubated with arginine 
and uracil-C', a rapid incorporation of uracil into an acid-insoluble fraction is 
observed, as can be seen in Figure 1. In media lacking arginine, however, the 
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initial rate of uracil incorporation is about 10 per cent of that in presence of the 
amino acid. A significant inhibition of even this low level of incorporation is ef- 
fected by adding thymine to the medium. In cells which are synchronized by pre- 
incubation for 90 min in thymine alone, the presence of thymine did not inhibit 
uracil incorporation. In random cultures the presence of uracil does not depress 
thymine incorporation into DNA, and it appears that in the absence of exogenous 
uracil an adequate endogenous uracil source‘ supplies DN A-cytosine. 

The uracil incorporated was present mainly (>75%) in the ribosomal fraction 
of TAU. Uracil incorporation into the separate nucleic acids, RNA and DNA, has 
also been studied in strains TAU and THU, as presented in Figure 2. The exten- 
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uracil into the nucleic acids of random E. coli in the absence 
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fourfold — stimulation — of 
RNA synthesis in the ab- 
sence of amino acids in both random and synchronized cultures. This stimulated 
synthesis was not sensitive to the presence of thymine. 

RNA synthesis in normal and T6r*-infected strain THU: Since it is known that 
only phage-induced messenger RNA but not ribosomal nor soluble RNA is made 
after phage infection,'* '® we studied how the depletion of amino acid affects RNA 
synthesis in phage-infected bacteria. These experiments were performed exclu- 
sively with #. coli THU, which is sensitive to infeetion by T6r*. 

The incorporation of uracil-C'* into RNA by normal and T6r*-infected E. coli 
THU was determined during a 9 min interval. In the presence of histidine, uracil 
incorporation in infected cells is only about 35 per cent of that in normal cells. 
A marked reduction of the incorporation (about 85 per cent) is observed with nor- 
mal cells incubated without histidine, in agreement with the previous observation 
with TAU. In contrast with this, the incorporation by infected cells is slightly 
reduced (about 30 per cent) in the absence of histidine as compared with that in the 
presence of the amino acid. In both normal and infected cells, chloramphenicol 
stimulates the incorporation to essentially the level established by histidine. 

Figure 3 illustrates the turnover of the RNA made in the absence of the amino 
acid in infected cells. Bacteria were exposed to uracil-C'™ shortly after infection 
in the absence of histidine and then transferred into the medium containing excess 
uracil-C', A rapid decrease in the radioactivity of RNA is observed even though 
histidine is absent during the entire period of incubation. Although the addition 
of chloramphenicol reduces the rate of decrease in the radioactivity in RNA as 
reported by Astrachan and Volkin,”° even under this condition a significant release 
of this radioactivity is observed. It is evident that the RNA made in the absence 
of the amino acid is metabolically unstable, as is the normal phage-induced RNA, 
and that protein synthesis is not essential for the turnover of this RNA. 

When histidine is added with uracil-C after prior incubation with uracil-C™, the 
isotope initially found in the RNA can then be incorporated into DNA. Thus, 
phage-induced RNA made in the absence of protein synthesis possesses a complete 
turnover comparable to that made in normal virus multiplication.*! 

Properties of phage-induced RNA produced without protein synthesis: Some 
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Fic. 3.—Turnover of phage-induced RNA 
synthesized in the absence of histidine. 
Cells (1 X 10° cells per ml) were suspended 
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and infected by T6r* phage at an average 
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2 min after infection C'-uracil (10 we per os 20 
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C!.uracil, (+ H) C!2-uracil and nistidine, of bacteria with C''-uracil were the same 
(+H +CM) C!-uracil, histidine, and as described in Table 1. RNA was isolated 
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Fic. 4.—Starch gel electrophoresis of 
RNA from normal and phage-infected 


chloramphenicol. Final concentrations of 
uracil, histidine, and chloramphenicol were 
10 wg per ml, 20 wg per ml, and 40 ug per 
ml, respectively. 


investigators have reported that chloramphenicol, when added before or at infec- 
tion, interferes in the metabolism of RNA in infected bacteria, and it has been sug- 
gested that the synthesis of phage-induced RNA requires protein synthesis.” If 
protein synthesis required a prior production of specific RNA, and if synthesis of 
phage-induced RNA required protein synthesis, evidently phage synthesis could 
not begin. In fact, the latter requirement does not exist in these systems, as will 
be seen below. Existence of a fraction of phage-induced RNA in chloramphenicol- 
treated cells has recently been demonstrated.?* *° 

The intracellular distribution and base ratio! of the RNA labeled under various 
conditions are presented in Table 1. The depletion of amino acid or the addition of 
chloramphenicol does not cause a significant change in the distribution of the RNA. 
About 75 per cent of the RNA formed after phage infection is found in the ribosomal 
fraction. In addition, the ratio of radioactivity of uracil to cytosine in the RNA 
from infected cells in the presence and absence of protein synthesis is about twice 
as high as this ratio for the RNA from normal cells. 

Incubation of ribosomes with inorganic phosphate results in a selective degrada- 
tion of the phage-induced RNA." The stabilities of the labeled RNA’s on ribo- 
somes from cells prepared in a variety of conditions were similarly determined. 
The labeled RNA’s from infected cells whose protein synthesis is prevented by the 
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TABLE 1 
DISTRIBUTION AND BASE-RATIO OF LABELED RNA IN NORMAL AND T6R*-INFECTED CELLS 
C'« RNA on Ribosomes 


Specific 
activity Amount of 
Radioactivity (epm per labeled RNA 
in ribosomes umole of (% total 
Cells Conditions (% of total) pyrimidine) RNA) UMP/CMP 


Normal + histidine 89 6 104 10 1.3 


5 
— histidine 86 8.8 10? 1.¢ 
7 5 10 6.4 


+ histidine 72 4 

+chloramphenicol 
T6r*- + histidine 79 4 104 2 
infected — histidine 75 j 108 | 


+ histidine 77 108 0.9 3 
+ chloramphenicol 


Bacteria (1 X 10% cells per ml) were incubated in 100 ml each of following media: basal medium contain- 
ing thymine alone; basal plus histidine (20 we per ml); basal plus histidine plus chloramphenicol (40 ye 


per ml). T6r* phage was added to three samples at 5 min of incubation (multiplicity of 8 phages per 


bacterium). C!-uracil (0.5 we per umole) was added to all samples at 7 min of incubation (final concen- 
tration of uracil, 0.1 wmole per ml). The reaction was stopped at 20 min of incubation. 


depletion of amino acid or the addition of chloramphenicol is degraded as rapidly 
and as selectively as the RNA from normal infected cells. 

Figure 4 illustrates the distribution of radioactivity and ultraviolet absorbancy 
when the RNA’s isolated from ribosomes by the Duponol-phenol method are sub- 
jected to starch gel electrophoresis. The phage-induced RNA can be distinguished 
as a fraction which migrates faster than does the bulk of ribosomal RNA." A 
considerable fraction corresponding to the phage-induced RNA is found in the RNA 
from infected cells incubated without histidine. The above demonstrate the pres- 
ence on ribosomes of a fraction of RNA of characteristic base composition, high 
sensitivity to Pj-stimulated degradation, and unusual electrophoretic mobility. 
Thus, although protein synthesis is prevented, infected cells can produce RNA 
which is indistinguishable from normal phage-induced RNA. 

Function of phage-induced RNA: The effect of uracil on the appearance of phage- 
induced enzymes in T6r*-infeeted THU is shown in Figure 5. When cells are in- 
cubated in a complete medium, the activities of dCMP hydroxymethylase, thy- 
midylate synthetase, and lysozyme increase rapidly and consecutively after infec- 
tion. However, if uracil is not added to the medium, the increase of these activities 
is considerably delayed and their maximum levels become low compared with the 
normal level of enzyme attained. This delayed appearance of enzymes reflects the 
fact that in the uracil-starved cells uracil, which is essential for the synthesis of 
RNA, must be furnished from the turnover of pre-existing nucleic acid. From 
these experiments it seems evident that the synthesis of phage-induced RNA is es- 
sential for the appearance of phage-induced enzymes.*! However, the RNA essen- 
tial for a very early enzyme such as the hydroxymethylase evidently obtains the 
uracil more readily than that necessary for a late protein such as lysozyme. 

We then tested the functional capability of the phage-induced RN A formed without 
protein synthesis. Cells were incubated with uracil (without histidine) for 6 min 
after infection, and then washed and resuspended in a fresh medium. As shown 
(Fig. 6), during the incubation in the absence of histidine, there is no increase 
of hydroxymethylase activity, and the addition of histidine induced a very rapid 
increase of the activity.“ Essentially the same curves are obtained in the presence 
and the absence of uracil with the cells which are preincubated with uracil before the 
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Fic. 5.—Effect of uracil depletion with uracil (without histidine), the bac- 
on the formation of phage-induced teria were collected, washed in cold, and 
enzvmes in E. coli THU. Bacteria resuspended in three different media: + 
were incubated in a medium lacking histidine + uracil; + histidine — uracil; 
uracil for 15 min and then infected — histidine + uracil. A curve for normal 
with T6r* at a multiplicity of 4. A production of the enzyme (+ histidine + 


half portion of the suspension received uracil at the time of infection) was ob- 
uracil (20 wg per ml) at the time of tained in the course of the experiment 


infection, and the other half was incu- shown in Fig. 4. 
bated in the absence of uracil. 


addition of histidine (Fig. 6). However, the initial rate of increase of activity in 
the preincubated cells is twice as high as that of the normal infected cells which 
received both histidine and uracil at the time of infection. From these results, it 
appears that the RNA necessary for the synthesis of dCMP hydroxymethylase 
is produced during the preincubation with uracil alone and then functions as his- 
tidine is supplied. 

This implication is supported by an experiment in which the effects of the 
preincubation on the increase of enzyme were examined more closely. If uracil 
is present in the preincubation medium, a higher rate of increase is obtained in the 
first 5 min with the cells incubated with uracil after infection than with the cells 
incubated with uracil before infection. However, when the preincubation is per- 
formed in the absence of uracil, there is no significant difference between the cells 
incubated before and after infection. The low rate of hydroxymethylase produc- 
tion in infected cells preincubated with uracil prior to infection may even con- 
ceivably reflect the saturation of the ribosomes with bacterial messenger RNA which 
must be eliminated before a high rate of hydroxymethylase can be achieved. 

Incubation of infected cells with uracil alone for 6 min, followed by addition of 
histidine, did not significantly affect the rate of synthesis, nor even the time of ap- 
pearance of the late enzyme, lysozyme. We tentatively infer that the RNA made 
in the first 6 min of infection relates to early enzymes alone. 
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Synthesis of 8-galactosidase in strain THU: Since it appeared possible to charge 
ribosomes in infected cells with phage-induced RNA capable of translation into 
dCMP hydroxymethylase, it was asked if evidence for a similar phenomenon could 
not be detected in uninfected cells. Strain THU, starved for uracil and his- 
tidine, was incubated for 10 min in a medium containing uracil, a mixture of amino 
acids lacking histidine, and an inducer, thiomethyl galactoside (TMG). Glucose 
was replaced by succinate to minimize catabolite repression.** In each of four ex- 
periments, cultures preincubated in uracil and TMG rapidly developed a short burst 
of enzyme synthesis (to twice the basal level) on supply of histidine in the absence 
of TMG. Cultures preincubated with uracil but without TMG did not increase 
their enzyme content on addition of histidine. 

Discussion.—Ribosomes charged in vivo with messenger RNA in the absence of 
protein synthesis appear to be functionally ready for protein synthesis, as the bursts 
of the dCMP hydroxymethylase in infected cells, and of 8-galactosidase in normal in- 
duced cells seem to indicate. Such ribosomes charged with RNA evidently provide 
a new type of experimental material for the study of numerous problems of protein 
synthesis. Concerning the general availability of charged ribosomes, it seems pos- 
sible that a similar synthesis of messenger RNA without protein synthesis can occur 
in other bacterial strains. However, the synthesis would tend to be minimized 
in all nonthymineless cells, i.e., cells simultaneously engaged in DNA synthesis. 

The synthesis of the messenger RNA in these systems is clearly competitive with 
DNA synthesis, a process which seems to take precedence over RNA synthesis. 
The competitive quality of this relation probably stems from the dual roles of DNA 
in supplying templates for both DNA synthesis and for messenger RNA. The 
mechanism by which DNA synthesis wins in such a competition may arise from 
the possible requirement for the double-stranded molecule as a template for syn- 
thesis of messenger RNA and that of single strands for DNA synthesis. If this is 
true, it is implied by our data that the very filling in of a complementary DNA chain 
separates the double strands on which RNA is being synthesized and in so doing 
eliminates much of the synthesis of messenger RNA in these bacteria. In the auto- 
radiographic study of Prescott?’ in Euplotes, DNA synthesis proceeds in a narrow 
band from the ends of the elongated macronucleus to the middle and in so doing 
eliminates RNA from the region of DNA replication. 

We have been attempting for some years to approach the problem of the mecha- 
nism of the sequential synthesis of phage-induced proteins. One of the obvious 
hypotheses to explain this phenomenon, which is so characteristic of differentiation 
in general, supposes a sequential] reading or transcription from the phage chromo- 
somes into classes of messenger RNA. Among the difficulties in exploring this 
problem is the phenomenon of RNA turnover, caused in large part by polynucleotide 
phosphorylase and phosphodiesterase.'‘ In extending the study of the effect of 
withholding uracil on later enzyme synthesis as presented in Figure 5, it became 
evident that the RNA turnover cannot make uracil sufficiently available for a 
really late enzyme such as lysozyme. The uracil deficiency was significant also 
for thymidylate synthetase, which seems to fall into a somewhat intermediate 
temporal position in the sequence. Since the RNA turnover is almost adequate in 
providing uracil in producing messenger RNA for a very early enzyme, the de- 
veloping depletion of uracil suggests that the chromosome is read later in transcrib- 
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ing RNA for the thymidylate synthetase and still later in providing RNA for 
lysozyme. 

Kano-Sueoka and Spiegelman*®* have presented evidence that different classes 
of RNA molecules are made at different periods of infection but they have not pro- 
vided evidence of the functionality, much less of differences in functionality, 
of such different RNA molecules. Although it is possible that differences in func- 
tionality of RNA can be established in appropriate systems of intact infected cells, 
the phenomenon of RNA turnover would seem to minimize the possibility of obtain- 
ing the most rigorous answer on this question in such systems. Evidently the most 
rigorous answer would require that in an in vitro system ribosomes containing RNA 
made early produce an early protein and those containing RNA made late produce 
a late protein. The phenomenon of a selective charging of ribosomes without pro- 
tein synthesis will perhaps become useful in the in vitro testing of differences be- 
tween RNA made in different periods of phage multiplication. 

Summary.—Escherichia coli deficient in the ability to synthesize thymine, 
uracil, and an amino acid synthesize a small fraction of their normal RNA from 
uracil in the absence of thymine and the amino acid. The synthesis of even this 
fraction of RNA is markedly inhibited by concomitant DNA synthesis. The RNA 
made appears on the ribosomes. When synthesized in the presence of an inducer of 
8-galactosidase, the RNA made permits the rapid synthesis of a small amount of 
this enzyme in the apparent absence of the inducer. 

T6r*-infected cells make characteristic phage-induced RNA in the absence of 
protein synthesis. Such RNA stimulates a rapid synthesis of the early enzyme, 
dCMP hydroxymethylase, in the infected cells but not of the late enzyme, lysozyme. 
Evidence is presented to support the hypothesis that the sequential production of 
phage proteins may be determined by the sequential transcription of the phage 
genome, i.e., the sequential production of phage-induced messenger RNA. 
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THE SECONDARY STRUCTURE OF REOVIRUS RNA* 


By Perer J. GoMatos AND Igor TAMM 


THE ROCKEFELLER INSTITUTE 
Communicated by Walther F. Goebel, March 18, 1963 


Reoviruses occur widely in the respiratory and enteric tracts of man and animals, 
but little is known about their relation to disease.'_ Reovirus particles measure 700— 
750 A in diameter? * and contain RNA.*) 4 The protein coat of the virus is made 
up of 5- and 6-sided prismatic subunits and appears to be free of lipid.2 The repro- 
ductive process of reovirus type 3 is characterized by three features which dis- 
tinguish it from other RNA viruses.?- The multiplication of reovirus is relatively 
slow compared to many RNA viruses; the inclusion body which develops in 
reovirus-infected cells stains orthochromatically greenish-yellow with acridine 
orange, as if it contained DNA, yet it contains RNA; and finally, the reproduction 
of reovirus is inhibited by actinomycin D. In its effect on cells, reovirus does not 
behave as do other cytoplasmic viruses. Infection of cells results in a specific inhibi- 
tion of cellular DNA synthesis, with no apparent inhibition of RNA or protein 
synthesis.° 

These findings have provided a strong stimulus to us to undertake an investiga- 
tion of the chemical structure of reovirus RNA, and to ascertain whether this com- 
ponent possesses distinguishing features which are responsible for the unusual be- 
havior of the virus. The anomalous staining of the viral inclusion with acridine 
orange, indicating an unexpectedly low binding of the dye by reovirus RNA, sug- 
gested that the RNA of this virus might be double-stranded.?- The experimental 
results about to be described provide strong evidence that this is indeed the case. 

Materials and Methods.—Cell culture: A continuous cell line derived from mouse fibroblasts 
was used. These cells, designated as L cells, strain 929, were grown either in monolayers or in 
suspension.*» ® Monolayer cultures were used for the preparation of the virus stock and for plaque 
assays. Suspension cultures were used for the preparation of large quantities of virus for physical- 
chemical examination. The cells in suspension culture were collected and inoculated with virus 
when the cell density reached 4-5 X 10° cells per ml or 6-7.5 X 10? cells per bottle. 

Virus: The Dearing strain of reovirus 3* was cloned five times in succession and a stock pre- 


pared. The latter was stored at —55°C. Batches of virus were prepared as follows: L cells from 
suspension cultures were collected by centrifugation, and resuspended in 3.5 ml of reovirus stock 
containing 2-3 X 108 PFU/ml. The ratio of virus to cell was approximately 10:1. After an 
adsorption period of 2 hr at room temperature, during which the cells were frequently resuspended, 
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growth medium,® supplemented with 2°% fetal bovine serum, was added to restore the original cell 
density of 4-5 X 105 per ml. The infected cells were then incubated on a roller machine® 36-48 hr. 
The growth of virus in cells in suspension is similar to that in monolayer cultures. After maximal 
viral growth and release had occurred, the cells were sedimented at 10,000 g for 15 min, and the 
supernate was used for virus purification. Approximately 7 liters of cell culture supernate were 
prepared per week. This contained virus released from 5 X 10° cells and yielded 1-5 mg of puri- 
fied virus. 

Purification of reovirus: The cell culture supernate was concentrated by ultrafiltration under 
reduced pressure? to a volume of 250 ml. The concentrated virus suspension was then centrifuged 
at 78,000 g for 3 hr. To the pellet was added a solution containing 15-30 yg each of deoxyribo- 
nuclease, ribonuclease, and chymotrypsin in phosphate buffered saline, pH 7.2, containing 0.005 
M Mg**. The virus is resistant to these enzymes. The pellet was held at 4°C for 4-6 hr, the virus 
was resuspended, and then incubated at 37° for 1 hr. The enzyme-treated suspension was then 
homogenized with half its volume of the fluorocarbon Genetron 113, and the aqueous phase was 
collected. The final step in the purification, which consisted of equilibrium density centrifugation 
in CsCl,§ is described in Figure 1. 
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Fic. 1.—Equilibrium density gradient centrifugation of partially purified reovirus 3. To the 
enzyme- and fluorocarbon-treated virus suspension was added cesium chloride to an average density 
of 1.37. The suspension was centrifuged in a swinging bucket rotor of the Spinco Model L centri- 
fuge at 110,000 g for 18 hr at 6° C. Five drops were collected from below into each of the receiv- 
ing tubes. The material contained in the main virus band was dialyzed extensively and the 
purified suspension stored at 4° C. 


Analytical methods: DNA was estimated by the diphenylamine reaction as modified by Bur- 
ton. A preparation of highly polymerized calf thymus DNA, kindly made available by Dr. 
Muriel Roger, was used as a standard. RNA was estimated by the orcinol reaction." Yeast 
ribonucleic acid, obtained from Worthington Biochemical Co., and E. coli ribosomal RNA, pre- 
pared by Mr. George Spyrides of The Rockefeller Institute, were used as standards. Protein 
determinations were performed by the method of Lowry et al." using Fraction V bovine albumin as 
astandard. The base ratios were determined by the method of Smith and Markham.'? Ascend- 
ing chromatography in tertiary butanol and aqueous hydrochloric acid was carried out on acid- 
washed Whatman 40 paper for two days. The paper was then dried, the ultraviolet absorbing 
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areas were located, and then eluted with 0.1 N hydrochloric acid. UV absorbance was measured 
in a Beckman Model DU or in a Carey recording spectrophotometer. 

Results.—Equilibrium density centrifugation of reovirus: In order to achieve 
further purification, partially purified reovirus was subjected to CsCl density gra- 
dient centrifugation. After a density gradient had been established, a solid main 
band, about 2.5 mm in width, was seen in the center of the tube. As shown in 
Figure 1, the bulk of the hemagglutinating activity—a measure of the virus'*— 
together with most of the ultraviolet absorbing material was located in the main 
band which had an average density of 1.380. In the experiment shown, there was 
also a small upper band which contained only a very small percentage of the total 
material and viral activity. In some experiments two small upper bands were seen; 
in others, none. Another inconstant feature was the presence of a small pellet. 

The average density of 14 purified preparations of reovirus in cesium chloride 
was 1.3827 gm/ml. The average density determined by the equilibrated density 
gradient columns!‘ was 1.3803. The ratio of viral infectivity to hemagglutinating 
activity!’ was unchanged by the purification procedure. 

Virus purity: Material from the main band was examined in the electron micro- 
scope. The only element seen was virus; no cellular contaminating material was 
found. The upper bands, which are of less density than the main band, contained 
cellular material and some virus. 

The constancy and reproducibility of the UV absorbancy ratios also indicated a 
high degree of purity of the virus preparations. Eight were examined, and the 
mean of the 230/260 absorbancy ratios of various preparations was 1.81 with a 
range from 1.76 to 1.91; the mean of the 260/280 absorbancy ratios was 1.39 witha 
range of 1.37 to 141. The medium was 0.3 VW glycine, 0.05 M MgS0O,, pH 6.8. 
The absorption maximum was at 261 and the minimum at 244 mu. 

The purified virus was further examined in the analytical ultracentrifuge by 
Dr. David Yphantis. The bulk of the material in the virus suspension, amounting 
to 60% of the total, traveled as one band. There was one other major component 
(30% of the total) which preceded the main band in the centrifugal field. This 
heavier band was heterogeneous and may be attributed to the presence of aggre- 
gated virus, since we have observed that the virus has a marked tendency to aggre- 
gate. A minor component, which followed the main band, probably contained virus 
particles without cores. Because the only component visible in the electron micro- 
scope is virus, it would appear that the explanations which we have offered for the 
heavier and lighter components are reasonable and in all probability correct. 

Chemical composition of reovirus 3: Since our evidence indicated that the virus 
preparations were essentially pure, chemical analysis was carried out. Table 1 
shows the results of determinations of protein and RNA. The mean per cent of 
chemically measured ribonucleic acid in the various preparations was 14.6 per cent, 
with a range from 13.4 to 16.7 per cent. The diphenylamine reaction was negative. 
Thus, within the limits of sensitivity of the procedure, there appears to be no deoxy- 
ribonucleic acid present. The infectivity of the virus is unaffected by ether treat- 
ment, a fact which suggests that there is no peripheral structural lipid present in 
the virus particle.2 No tests were done to determine whether carbohydrates are 
present in the virus other than the ribose of the RNA. All orcinol reactive ma- 
terial is assumed to be contained in the viral RNA. 
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TABLE 1 
CHEMICAL ComposiTION oF REOVIRUS 
RNA Protein RNA + Protein 

Preparation we/ml of purified virus suspension 
A* 68.4 341 109 
B* 38.3 248 286 
Cc 73.0 400 173 
Dt 40.0 193 223 
kt 39.6 242 282 
Ft 48.5 280 329 

Mean 


* Samples dissolved in deionized water. 
¢ Samples dissolved in 0.3 M glycine, 0.05 M MgSO,, pH 6.8. 
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To arrive at an estimate of the amount of RNA in the virus particle, the mass of 
virus was determined by sedimentation and diffusion analysis. These experiments 
were also performed in collaboration with Dr. David Yphantis. The sedimentation 
coefficient of reovirus was found to be 6308. An accurate derivation of the diffu- 
sion coefficient is difficult because of the number of components which were neces- 
sarily present in the purified virus. The diffusion coefficient was found to be 8.3 
xX 10-5 em.? per sec. A minimum estimate of the mass of the virus particle is 70 
X 10° molecular weight units. Since the virus contains 14.6 per cent of nucleic 
acid, a minimum estimate of the mass of RNA in a virus particle is 10.2 X 10° 
molecular weight units. Examination of reovirus RNA in the analytical ultra- 
centrifuge has shown that it comprises a single molecular species. 

Base composition of reovirus RNA: The nucleic acid was extracted from the virus 
particle with phenol" at room temperature. The UV spectrum in 0.3 M glycine, 


0.05 M Mg**, pH 6.8, was determined. The maximum absorbancy was at 261 and 
the minimum at 233 mu. Reovirus RNA was analyzed by the procedure of 
Smith and Markham! to determine its base composition. After acid hydrolysis 
and paper chromatography, four spots were found which had the R; values and 
absorption spectra of guanine, adenine, cytidylic acid, and uridyliec acid. As 
shown in Table 2, the mole per cent of guanine closely approximates that of cyto- 


TABLE 2 
Base ComposiITION OF REovirus RNA 


(o)——- oo es 


: —————— Bases (mole 

Preparation i , U 
A 28.4 22.0 28.8 
B oA 30.9 18.9 32.2 
Mean 9: 29.7 20.5 30.5 


sine, and the mole per cent of adenine approximates that of uracil. The mole per 
cent of G + C is 39.8 of the total. The ratio of purines to pyrimidines is 0.96, and 
the ratio of A + UtoG + Cis 1.51. The base composition of a variant strain of 
reovirus type 3 (Dearing) was also determined and was found to be similar to that 
of the prototype strain.’ In these experiments purified P**-labeled virus was used, 
and the nucleotides were separated by the procedure of Davidson and Smellie” 
after alkaline hydrolysis. The base composition of the RNA was determined from 
the amount of P*? incorporated in the nucleotides. 

Thermal denaturation of reovirus RNA: In order to characterize reovirus RNA 
further, the heat stability of its secondary structure was determined. Samples of 
reovirus RNA, dissolved in a medium containing 5 X 10~-* M NaCl, 10-* MW PO,, 





Vout. 49, 1963 BIOCHEMISTRY; GOMATOS AND TAMM 711 
10-4 M EDTA, pH 7.0, were heated in quartz cuvettes in a thermostatically con- 
trolled Beckman spectrophotometer, and the absorbancy at 260 my was determined 
at various temperatures. There was no change until a temperature of 93° was 
reached when a small increase was observed. To determine the behavior of reovirus 
RNA at higher temperatures, samples were heated in stoppered tubes for 10 min ina 
bath containing ethylene glycol and water. They were then cooled rapidly and the 
absorbancy determined. A maximal hyperchromic effect was obtained at 102°C; 
heating at 110°C did not result in a further increase in absorbancy. 

In Figure 2 is shown the change in absorb- 
ancy of reovirus RNA as the temperature 1.406 
was increased from 64 to 102°C. The sam- 
ple used had already been heated to 83°C in 
the spectrophotometer and rapidly cooled. 
As can be seen, the first indication of a steep 
rise in absorbancy was observed at 94° and 
the T,, was approximately 99°. Reovirus 
RNA dissolved in deionized water showed a 
similar T,,. In three experiments with re- 
ovirus RNA dissolved in 0.15 M sodium 
chloride, 0.015 M sodium citrate, pH 7, the 
increase in absorbancy began at 86-89°C 
and the T,, was between 90 and 95°. 

Reaction of reovirus RNA with formalde- 
hyde: Formaldehyde is thought to react 
with the free amino groups of the nucleic acid 
bases.'8-?!. When RNA from various 
sources reacts with formaldehyde, it exhibits 
both a marked increase in absorbancy at 260 
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Fic. 2.—Thermal denaturation of 
reovirus RNA. Reovirus RNA, 27 
ug/mlin 5 X 1073 M NaCl, 1 x 107% 
M PO, 1 X 10~* M EDTA, pH 7.0, 
was heated in a stoppered vial at a 
given temperature for 10 min, and then 
rapidly cooled in ice. The same 
sample was then heated at the next 
higher temperature. The small changes 
in concentration which resulted from 


my and a shift of the maximum to slightly 
longer wavelengths. Native DNA, on the 


evaporation were followed by reweigh- 
ing sample or measuring its volume 
and the absorbancies corrected accord- 


other hand, does not show such changes, 
whereas denatured DNA does. 

Figure 3 shows the effect of 1.5 per cent formaldehyde on reovirus RNA dissolved 
in 0.01 M NaCl, 0.075 M Tris, 0.005 M MgCl, pH 7.0. The spectra before and after 
treatment are shown. It may be seen that formaldehyde caused only relatively 
small changes in the ultraviolet absorption spectrum of reovirus RNA, whereas 
that of ribosomal RNA was markedly altered. The changes in the spectrum of 
viral RNA are similar to the minimal changes observed in the spectrum of calf 
thymus DNA. 

It is known that the melting temperature of polynucleotides with intramolecular 
hydrogen bonds is lowered in the presence of formaldehyde. Figure 4 reveals that 
when reovirus nucleic acid was heated in the presence of formaldehyde, the hyper- 
chromic effect already became apparent at 65°C. 

Effect of ribonuclease on reovirus RNA: Reovirus ribonucleic acid, when exposed 
for 2 hr to pancreatic ribonuclease (1 ug/ml in 0.01 M NaCl, 0.05 M Tris, 0.005 
M MgCh, pH 7.8), showed no hyperchromic effect either at 260 mu or at any other 
wavelength in the ultraviolet region. A control sample of ribosomal RNA showed a 


ingly. 
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Fig. 3.—Reaction of reovirus RNA, £. coli ribosomal RNA, and calf thymus DNA with formal- 
dehyde. Samples were dissolved in 1 X 107? M NaCl, 5 X 1073 M MgCh, 0.075 M Tris, pH 7.0, 
and UV absorbancies determined. Formaldehyde was then added to each sample to a final 
concentration of 1.5°%, the pH readjusted to 7.0, and the samples incubated at 32° C. The UV 
spectrum of the treated samples was determined after 9 hr for reovirus RNA and calf thymus 
DNA, and after 4 hr for ribosomal RNA. ---- untreated samples; o--o = treated samples. 


marked hyperchromie effect after treatment with RNAase. Eighty-five per cent 


of the RNAase-treated viral RNA was recovered by alcohol precipitation; 93 
per cent of an untreated sample of viral RNA was recovered. 
acid thus appears to be resistant to the action of pancreatic ribonuclease. 
Discussion.—F rom the foregoing it is apparent that reovirus stands apart from 
most RNA viruses so far examined in that it contains a much larger complement of 


Reovirus nucleic 


nucleic acid. The minimum estimate of the molecular weight of reovirus RNA is 
10.2 X 10°, and it is probable that this value may be considerably larger. In all 
but three of the ribonucleic acid-containing viruses, the molecular complement of 
nucleic acid is of the order of 2 X 10°.2?-?4 The exceptions are the RN A-containing 
phage discovered by Loeb and Zinder,” and two tumor viruses of birds.?4: 6 77 
The molecular complement of the RNA in f2 phage is 700,000; in avian myeloblasto- 
sis virus it has been estimated to be either 4.9 X 10° or 9.8 X 10°, and in the Rous 
sarcoma virus it is approximately 9.5 X 10°. 
The DNA viruses, on the other hand, contain 
variable amounts of DNA, and in most of 
these the amount is greater than 10 X 10° 
molecular weight units.?4 

Reovirus RNA is not only large, but our 
results indicate that it has a highly ordered 
secondary structure, namely, a double- 
stranded helix. The complementary values 
of the base ratios indicate that the nucleic 
acid does not consist of a single strand folded 
back upon itself. Positive confirmation of 
the ordered structure of reovirus RNA will 
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Fia. 4.—Absorbance of reovirus RNA in 


1.5% formaldehyde as a function of tem- 
perature. The sample of reovirus RNA 
which had been treated with 1.5% 
formaldehyde (cf. Fig. 3) was heated in a 
stoppered. vial for 10 min at each of the 
temperatures shown, rapidly cooled in ice, 
and the absorbancy at 260 my recorded. 


of course have to await X-ray analysis. 

The first ribopolynucleotide shown to 
possess features similar to those of DNA 
was T2 complementary (C) RNA.® C- 
RNA in its biologically active state, how- 
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ever, had none of these features, and its ordered conformation seemed to be an ac- 
cident of the preparative procedure. Reovirus RNA, on the other hand, probably 
has an ordered conformation in its native state. Throughout most of the prepara- 
tive procedure, the nucleic acid was contained within the protein coat of the virus. 
It is possible that two complementary strands which are not hydrogen-bonded while 
in the virus particle form a hydrogen-bonded ordered structure during phenol ex- 
traction. This appears unlikely, however, since even within the viral inclusion in the 
cell, the nucleic acid stains orthochromatically green with acridine orange.? Fur- 
thermore, after pepsin digestion of formalin-fixed thin sections of virus-infected 
cells, the protein shells of the viral particles slowly disappear and there remains a 
convoluted, ribonuclease-sensitive, filamentous structure, 25 A in diameter.?* The 
diameter is larger than that expected for single-stranded RNA. 

Single-stranded ribonucleic acids show a hyperchromic effect over a wide tem- 
perature range, consistent with helical regions, short or defective, or both.” In 
contrast, the hyperchromic effect exhibited by reovirus RNA, T2-C-RNA, and the 
synthetic double-stranded ribonucleotide copolymers occurs only over a narrow 
temperature range. The melting temperature of 99° of reovirus RNA is surpris- 
ingly high. DNA with 40% G + C should melt at less than 87° in the same me- 
dium.* The T,, of T2-C-RNA is 63°.% The synthetic double-stranded ribonucleo- 
tide copolymers melt at lower temperatures than corresponding DNA’s. Double- 
stranded polyadenylic acid, however, melts at a high temperature.*' 2 The high 
Tm of reovirus RNA suggests that there may exist special features in its secondary 
structure which are responsible for the extraordinary thermal stability. There is as 
yet no evidence for the presence of polyamines, or of metals within the reovirus par- 
ticle, agents which are known to increase the T,, of polynucleoiides.**: *4 

It is of great interest that a plant virus, which multiplies and causes wound tumors 
in sweet clover, is similar to reovirus in size and structure. Both viruses measure 
about 700 A in diameter?: *: *- % and both possess 92 structural subunits.*~-* The 
wound tumor virus is transmitted by an insect vector, the leaf hopper, a host in 
which it multiplies.**: 4° When this virus is placed in a medium of low ionic strength, 
it releases long strands about 30 A in diameter, a fact which suggests that its RNA 
may also be double-stranded. Preliminary experiments performed in collaboration 
with Dr. Armin C. Braun indicate that the secondary structure of the ribonucleic 
acid of wound tumor virus is indeed similar to that of reovirus. Wound tumor virus 
was extracted from tumors produced by scarification of virus-infected sweet clover 
plants. Sweet clover cuttings infected with the virus were kindly provided by Dr. 
Lindsay M. Black. Wound tumor virus was purified in a manner similar to the 
procedure used with reovirus. The density of wound tumor virus in cesium chloride 
was 1.41, and the ultraviolet absorbancy ratios, 230/260 and 260/280, were 1.89 
and 1.40, respectively. The nucleic acid extracted from the virus and dissolved in 
0.15 M sodium chloride, 0.015 M sodium citrate, pH 7, showed, on heating to 
93.3°, a hyperchromic effect of 36 per cent. Absorbance began to increase sharply 
at 83° and the T,, was 89° in this medium. It is possible that these two viruses, 
structurally similar, are also biologically related. 

Summary.—Reovirus contains a larger complement of genetic material than is 
present in any other RNA virus thus far studied, be it bacterial, plant, or animal. 
The RNA of reovirus has a number of characteristics usually associated with DNA; 
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its base ratios are complementary and it behaves as if it were double-stranded.: 
If it is indeed double-stranded, then reovirus nucleic acid is the first RNA to be 
found in nature having this unusual structure. The RNA of wound tumor virus 


appears to have a similar structure. 


* This investigation was supported by research grant E-3445 from the National Institute of 
Allergy and Infectious Diseases, U.S. Public Health Service. 
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SEPARATION OF LIGHT AND DARK STAGES IN 
PHOTOPHOSPHORY LATION* 
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BALTIMORE, MARYLAND 


Communicated by Bentley Glass, February 27, 1963 


In the mechanism of phosphorylation by chloroplasts it is generally assumed that 
a light-induced electron flow results in the formation of one or more high energy 
intermediates. In a subsequent set of reactions the energy content of these inter- 
mediates would be used in the formation of ATP from ADP. 

An experimental approach to the identification of these intermediate steps is to 
illuminate in the absence of one or more components of the complete phosphory- 
lating mixture, then stop the illumination (and thereby electron flow), more or less 
instantaneously. Any high energy intermediates present due to the illumination 
should be able to form ATP in the dark when the missing components are added. 
A revised technique for preillumination, more rapid than that used previously,' 
has revealed the presence of a fairly labile high energy component not containing 
phosphate.’ 

Methods.—Broken chloroplasts were prepared from spinach leaves as follows: the laminae were 
macerated at 0°C in a Waring Blendor with a medium comprising: sucrose 0.4 .M/, NaCl 0.01 M, 
and Tris* chloride 0.02 M, pH 8.0. The slurry, after being strained through double cheesecloth, 
was spun at 200 g for 2 min. A further centrifugation of the supernatant at 1,000 g for 7 min 
yielded a pellet of substantially whole plastids. These were then washed in the centrifuge, and 
finally broken by resuspension in grinding medium from which sucrose had been omitted. 

Two reaction mixtures were required in each experiment, one for the light stage and another 
for the dark. Thus, a commonly used system for illumination consisted of (in umoles), Tris chlo- 
ride pH 8.0, 12.5; NaCl 10; pyocyanine 0.018; and chlorophyll 200 yg in 0.9 ml. 

The dark tube would contain those reagents needed to give the normal complement for con- 
tinuous cyclic phosphorylation, in this case (in umoles), Tris chloride pH 8.0, 50; MgCl 5; ADP 
3; KH,.PO, 0.5, and 0.25 uC carrier free **P-phosphate, in a total of 0.7 ml. 

Illumination of the first reaction mix was performed in a chilled 1.0 ml glass syringe by means 
of the light from a 500-watt slide projector. The beam provided 8,600 ft-c after filtration through 
ferrous sulfate solution to remove infrared. After the desired time and with the light still on, 
the contents of the syringe were forced through a steel needle 5 in. long, gauge 20, and without 
point, into a tube containing the second reaction mix. This tube was wrapped in aluminum foil 
to exclude light and covered by a cap with a perforation to admit the needle. 

Thirty seconds after mixing, the dark reaction was terminated by injection of 0.2 ml of 20% 
TCA solution. ‘The contents of the tube were then centrifuged, decanted, and assayed for char- 
coal-adsorbable counts. The charcoal (0.1 gm) was washed twice with 0.05 M NaH2PO, in 2% 
TCA, then twice with water before plating. In most cases the entire experiment was conducted 
in a cold room at 3°C. 

For some purposes it was necessary to provide a larger sample of light activated chloroplasts 
while retaining the same over-all volume. In order to attain light saturation under these conditions, 
the syringe was dispensed with. Instead, the needle was connected to ten feet of polyethylene 
tubing, having an internal diameter of 0.034 in., and terminating in a female Luer-lock syringe 
adapter. The tubing was coiled into a planar helix and mounted on a reflective surface. Samples 
were injected in the usual way, and after sufficient illumination, were expelled by forcing air through 
the tube. Since the optical depth of suspension is very low, the chlorophyll concentration may 
now be raised to 1.0 mg per ml. 


Experimental.—The first series of experiments was devoted to studying conditions 
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of reaction representing variations of those detailed under Methods. The following 
sequences were chosen, with resulting formation of ATP as shown: 


mumoles 
ATP/meg 
chlorophyll 
(1) L + chl + pyo D + ADP + Pi + Me** 
—— —_——— - ————» add TCA 4.28 
30 sec 30 sec 
(2) D + chl + pyo ; ‘s 


O.54 


30 sec 
3) * es TCA + ADP, Pi, Mg++ 
(4) L + chl + pyo 


30 sec 


The notation used above and elsewhere in this paper is: “L,”’ “D,” for light and 
dark, respectively; subscripts “L’’ and “D” to indicate a reagent or condition 
present in, or pertaining to, the light or dark phase; ‘chl’’ for chloroplast suspen- 
sion; ‘‘pyo” for pyocyanine and a double vertical line to indicate injection into the 
light-tight tube. The arrow can be translated as the words “and then.” 

It may be concluded that some component in the suspension is activated by light 
and can subsequently react in the dark to yield charcoal-adsorbable counts, pre- 
sumed tobe ATP. Following this it was possible to show that ADP and magnesium 
ions are required only in the dark phase for uptake of counts by reaction (1) above. 
Pyocyanine was found to be required (Table 1) and had to be present in the light 
phase. 


TABLE 1 
PyYocyYANINE REQUIREMENT FOR LIGHT REACTION 
myumoles ATP/ 

Light Dark 200 ug chlorophyll 
no cofactor no cofactor 0.06 
+pyo 420 mumoles (--) 0.86 
+pyo 42 “ “ (--) 0.94 
+pyo4.2 “ “ (.<) 0.86 
no cofactor +pyo 420 myumoles 0.05 
ais <g +pyo 42 “ * 0.11 

+pyo4.2 °° “ 0.06 


Reaction sequence L + chl = pyo ee || D + ADP, Pi, Mg**, +pyo > add TCA, 
| 30 sec 





15 sec | 

Dark controls subtracted The symbol (--) indicates that though no cofactor is added to the 
dark tube, pyo from the light phase is present after injection. pHi and pHp = 8.0 chlorophyll = 
200 ug. per tube. Volume illuminated = 0.7 ml. 


The highest yield shown in Table 1 is equivalent to the formation of one mole of 
ATP per 240 moles of chlorophyll. In other experiments under similar conditions 
the ratio was as high as 1/0. 

The stability of the activated intermediate was determined by simply interposing 
a dark period between illumination and injection. Decay of the intermediate 
turned out to be a first order reaction, with a half life in the dark of about 2.0 seconds 
atpH 8.0. A previous estimate of the half life as being between 0.5 and 1.0 seconds? 
came from experiments performed at 20°C, rather than in a cold room at 3°C (see 
Methods). 
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The pH optima for the now separable light and dark stages were determined, using 
a buffer mixture (designated “GTA”) containing equimolar Tris, 3,3-dimethyl- 
glutarate, and 2-amino,2-methyl-1,3-propanediol (ammediol). Coagulation of the 
chloroplasts at pH’s below 6.0 was minimized by mixing the chloroplasts with a 
predetermined volume of 0.01 N HCl at the last possible moment, then illuminating 
for only 15 seconds before injecting into the dark tube. Even with the precautions 
outlined, it is probable that the (reproducibly) unusual form of the curve for pHi 
= 5.28 reflects partial chloroplast denaturation during illumination. It can be 
seen (ig. 1) that pH 8.0 is optimal for the dark re- 
action steps, just as for the over-all reaction.* > The 
earlier events, accomplished in the light stage of these 
experiments, have an optimum somewhere close to 
pH 5.6. After this, all experiments were routinely 
conducted at pHx 6.0, where the particles are quite 
stable,’ and at pHp 8.0. Under these improved 
conditions, as much as 1 mole of ATP may be 
formed per 15 moles of chlorophyll. A control ex- 
periment showed that the dark reaction was com- 
plete in 5 seconds, even under pH conditions pro- 
viding maximal ATP yields. 

In order to test the possibility that activation at 
low pH is due to involvement of pyocyanine in its 
protonated form (pK, = 4.9), the amount of ATP 
formed relative to pyocyanine present was measured 
at three pH values (Fig. 2). From the results shown, Fic. 1.—Composite pH curve 
it can be calculated that the highest yield ratio is 192 “0 be . “OH of ebloee- 
moles of ATP per mole of protonated pyocyanine _ plasts adjusted as in text and 
(pH 8.0, 3.0 uM total cofactor). The highest mole en oa adage pen co 
ratio of ATP to nonprotonated pyocyanine is 7.3 — of (umoles), pyocyanine 0.018; 
(pH 5.6, 0.3 4M total cofactor). At pH 5.6 the Venta Makt. OBL Dek 
nonprotonated species represents 80% of the total incubation for 30 sec. with mix- 
cofactor, and virtually 100% at higher pH values. eros cite = a MgCl, 5 
These calculations thus tend to rule out stoichiomet- and GTA buffer 12.5. The ac- 
ric participation of any one form, or of all of the jn as ch apap 8 mag 
cofactor. It should also be noted that some phos- 
phorylation occurs in the absence of added cofactor at acid pH1, (Fig. 2). 

Using optimum cofactor levels with pHi 6.0 and pHp 8.0, we next studied in de- 
tail the light-induced formation and dark decay of the activated intermediate. The 
results, at two concentrations of chlorophyll, are illustrated in Figure 3. 

In this and other kinetic experiments, both formation and decay reactions were 
found to have a first order rate constant. If we designate as ‘““Xx”’ the substance 


which is responsible for ATP generation in the dark, and as ‘‘X”’ its ground or un- 
ky 


activated precursor, then energy + X = Xe. Assuming that the dark decay 
ka 


process occurs at the same rate throughout the light phase, we can further define 
an apparent formation constant, k’,; thus, k,;’ = ky; — ka. The observed forward 
reaction therefore corresponds to k,’. 





Mp MOLES ATP/mg. CHL. 
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ete eueaes At equilibrium in the light, when the 
o 8 268 ATP yield is maximal for the particular 
SWE cy conditions of illumination under study, 
Xx is also a certain maximal propor- 
tion of the total available X. If the 
total X in any form is called ‘“X,,” 
then X = X,;— Xpx, and at equilibrium: 
Xr.ka = (X, — Xx). ky, assuming the 
simplest case. The above equation 
rearranges to: 


= ‘ l 
pa X; _ Xr’ (1 + ), 


(PYOCYANINE) IN LIGHT 1 + k' ka 


at equilibrium. (1) 


a 


Mu MOLES ATP/mg.cHL 
wo ° 











Fic. 2.—Optimum pyocyanine concentration 
as function of pH. pH1, pHp, and [pyo] as indi- 
cated. Chlorophyll 200 ug. Illumination was ; . 
for one minute, and dark incubation for 30 sec. Equation (1) provides a means of 


Other conditions as Fig. 1. estimating the total amount of the 
material theoretically capable of ac- 
tivation in a certain preparation of 
chloroplasts. 

Returning to Figure 3, we see that 
doubling the amount of chlorophyll 
has increased the rate of both formation 
and decay of Xz. This suggests spe- 
cific involvement of some chloroplast 
component in Xx decay, rather than a 
simple nonenzymatic instability. Cal- 
culated values for ky and X;, show 
proportionality to the chlorophyll con- 
tent, as might be expected. 

This type of treatment can be ex- 

ia iain eat tended to find whether the higher ATP 
. E E.. yields at pH 6.0 are due to less rapid 
a rages ss decay of Xp, to enhanced formation 

Fic. 3.—Formation and decay of Xxg at two rate, or to increased capacity (Xt). 
chlorophyll concentrations. Reaction —se- Curves for the formation and decay at 
quence and conditions as in Fig. 1, with : 7 Fa : . 
pH, 6.0 and pHp 8.0. All four slopes yield PH 6.0, pH 6.7, and pH 7.4 are shown 
first order rate plots and the peter Yk in Figure 4, for an experiment with 
x. {G5 mumcles ATP/mg,and for 100'4g  Chlorophyill fixed at 200 wg. Table 2 
= 17.2 mumoles/mg chlorophyll. lists the derived constants and X;, val- 

ues from Figure 4. 

It may be concluded that low pH retards the decay of Xr while at the same time 
increasing the total number of X molecules available for activation. This pH effect 
on capacity may reflect the dissociation of a functional group in the X molecule. 
The true formation rate of Xx is hardly affected by differences in pH over the range 
studied. It should be noted that the numerical values in Table 2 have been found 
to vary by as much as 15% to either side with different chloroplasts, and are thus 
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TABLE 2 
Rate Constants AND ToTaL YIELD AS A FUNCTION oF PH 
Observed 
pH. ky’ ka ky XE 
6.0 0.133* 0.021 0.154 17.6T 
6.7 0.099 0.039 0.138 10.7 
7.4 0.041 0.099 0.140 §.1 

* Seconds ~'!. 

t+ myumoles ATP mg chlorophyll. 

Single chloroplast preparation. First reaction mix contained (umoles), GTA buffer 6, NaCl 10, pyo- 
cyanine 0.018 and 250 wg chlorophyll. Dark reaction mix as in Methods. ‘‘Xx observed" is the measured 
ATP formation on giving optimal illumination time. ‘'X,’’ is calculated by assuming a constant decay 
rate in light and dark stages before injection. 


only applicable to the preparation under study. The same qualitative conclusions 
are reached in all cases, however. 

The possibility had not so far been discounted that Xe might in fact be a high 
energy phosphorylated intermediate derived from traces of orthophosphate in the 
chloroplast suspension. This would implicate a rapid exchange with labeled 
phosphate in the dark prior to reaction with ADP. We have been able to test for 
involvement of phosphate in X_ production as follows. 

Arsenate ion is known to inhibit over-all photophosphorylation by competing 
with phosphate, presumably at the site of high-energy ester formation.’ The degree 
of inhibition is proportional to the concentration ratio between these two ions. 
Arsenate is therefore added to the dark tube (containing ADP and phosphate), so as 
to give around 60% of inhibition. With this as control, a further set of reactions is 
run having the same amount of arsenate present in the light (i.e., in the syringe). 
Here the arsenate will be in gross excess to endogenous phosphate, and one would 
anticipate a further net reduction in ATP yield if a high energy phosphate is indeed 
formed during illumination. 

Table 3 shows the results of experiments using arsenate. In these, the light and 
dark reaction mixtures were in separate syringes, and were injected simultaneously 
into the dark test tube in order to maintain a constant arsenate/phosphate ratio 
from the first moment of mixing. nt 

In experiment A, arsenate appears to be 
little more potent in the light than in the 
dark, and a role for endogenous phos- 
phate is thus discounted. Even when 
phosphate and arsenate are present to- 
gether in the light (experiment B), we 
detect no interaction with Xp. If mag- 
nesium chloride is added to the light phase aes 


(experiment C), it is still not possible to DARK INTERVAL “sy, 
(SEC) © to “se 
1 1 1 i 1 


recognize a_ specific light-dependent 2030 60 


arsenate effect ILLUMINATION (SEC.) 
Other support for noninvolvement of Fia. 4.—Kinetics of Xx formation and de- 
cay as function of pH. Reaction sequence as 


phosphate in the light reaction came from in Fig. 1, pHp = 8.0, but with illumination 


experiments in which varying proportions SPH as rye ged = yo ge 

» PHL = » PH, = 6.7; @, pHt = 

of the total labeled phosphate were pres- 7.4. Duration of dark interval after one min. 

ent during illumination at pH 6. The illumination but before injection is given 

Near : along dashed line and upper scale of time 
ATP yield was the same whether phos- axis, 





% 
vto.s = 32 SEC. 


Mp MOLES ATP/mMg.cHL, 
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TABLE 3 
ATP Y1e_p RELATIVE TO ARSENATE, 
Cc 
57* 34 38 


Experiment: A B 
no arsenate :phosphatep 
+ arsenate.: phosphatep 22 
+ arsenatep: phosphatep 23 iE 

1 


5 
4t 


20 
+ arsenate, : phosphate, 
*mumoles ATP/mg chlorophyll. ; : 
+ Presence of labeled Pi in the light did not yield ATP derived from endogenous ADP, probably 
because pH 6.0 is used in the present experiment. 
L + chl + pyo + Pi + As D + ADP, Mg**, Pi + As alae 
: : — r : — add TCA, 
30 sec pH 6.0 30 sec pH 8.0 


Reaction sequence as above. Arsenate 5 umoles, phosphate (always with label) 1 umole. Volume 
0.9 ml in each syringe. Light reaction for experiment C was in presence of 4.5 wmoles added MgCl. 


phate was entirely in the dark phase or entirely in the light phase. Other data not 
reported here further informed us that the decay rate of Xg is not varied by the 
presence of phosphate. 

Knowledge of the temperature relations of X_ production could show how closely 
this reaction is associated with the photochemical event. One must of course also 
know the kinetics of the back-reaction in order to find true formation constants and 
thus the true Qio for the forward process. ‘Table 4 refers to an experiment yielding 
constants derived as previously outlined. By division they give Qi = 1.5 for Xz 
formation and Qio = 2.0 for its decay. This suggests that activation of X involves 
one or more temperature-sensitive stages. 


TABLE 4 
FORMATION AND DEcAY CONSTANTS FOR Xg AT Two TEMPERATURES 
Temperature 

before injection ky,’ ka ky 
4°C 0.142 0.0382 0.224 
14°C 0.273 0.064 0.337 
Ratio 14°/4° 1.92 2.00 1.50 

Reaction conditions excluding temperature, as for the pH 6.0 curves of Figure 4. A small 
volume of concentrated chloroplast suspension was added to the first reaction mix at the cor- 
rect temperature, then drawn into a syringe enclosed in a glass waterbath. After equilibra- 
tion for one minute, illumination was begun. Dark intervals before injection were at the same 
temperature as the illumination. The dark phosphorylation occurring after injection and mix- 
ing was at 9°C in every case. 


As a result of the higher yields at pHx 6.0, use could be made of specific assay by 
the luciferin-luciferase reaction’ to establish as ATP the labeled material formed 
from interaction of Xg with phosphorylating reagents. Illuminations were per- 
formed in the helix (see Methods) to augment the total yield, and HCI rather than 
TCA was used to stop the dark reaction. Half of the dark tubes contained no 
radioactive phosphate, but conditions were in all other respects as for Figure 1 with 
pH, = 6.0. The radioactive tubes showed formation of 19 + 2 mumoles ATP per 
mg chlorophyll (8 samples), while the firefly luminescence reaction gave 23 + 3 
mumoles ATP per mg chlorophyll on the remaining three samples. Dark controls 
were virtually blank in both assays. It seems reasonable to regard ATP as the 
product of the dark reaction. 

Discussion.—The experiments described here clearly show that some intermediate 
within the chloroplast is activated by illumination, and can support the phos- 
phorylation of ADP subsequently in the dark. By performing the over-all reac- 
tion of photophosphorylation in two stages, we have been able to show that ADP, 
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phosphate, and magnesium are required only in the terminal stages, and not in the 
initial light-dependent reactions. Furthermore, the pH optimum of about 8 for 
photophosphorylation* ° is imposed by these same terminal reactions. It is prob- 
ably significant that when light-induced electron flow is seen in uncoupled chloro- 
plasts, the pH optimum is shifted markedly toward the acid range.” ' 

We have only sketchy evidence, so far, relating to the nature of the intermediate 
demonstrated here. In the first place, it is not a high energy phosphate compound, 
as seen from the lack of effect of phosphate in the light, and from the failure of 
arsenate to provide inhibition specific for the light reactions (Table 3). Secondly, 
it is not some activated form of pyocyanine, because of the unrealistic values for the 
P/2e ratio that would invoke (Fig. 2). Thirdly, it is not a purely photochemical 
entity, such as oxidized chlorophyll or P 700,'' because of the temperature depend- 
ency for the rate of its formation (Table 4). Also, it is significant that if pyoeya- 
nine is to have an effect, it must be present in the light phase. This tends to rule 
out a purely photochemical intermediate, and suggests that electron flow must occur 
during the light phase, for the intermediate to be formed. Fourthly, there is a 
very large amount that may be formed relative to the chlorophyll content of the 
plastids, namely 1 mole of ATP for 15 moles of chlorophyll. 

From the brief set of characteristics noted above, it is tempting to speculate that 
the intermediate might be an electron transport carrier, bound by a high energy 
link to some “coupling protein,” as has been found recently in mitochondrial phos- 
phorylation.'* '* A coupling factor has indeed recently been isolated from chloro- 
plasts (M. Avron, personal communication). If this is the case, the large amounts 
of the intermediate that can be demonstrated rule out some of the presently known 
electron-carrying enzymes of the chloroplasts. Cytochrome f, for instance,‘ occurs 
at a molar ratio of about !/4o relative to chlorophyll. The quantitative aspects of 
the present intermediate do not rule out participation of the plastoquinone com- 
pounds” or possibly other as yet unknown components. 

Summary.—Use of a rapid injection technique has made possible the separate 
study of light and dark events in photophosphorylation. It has been shown that 
ADP, phosphate, and magnesium, and a pH of 8.0 are requirements in the dark 
stage. The redox cofactor must be present in the light stage in order to have an 
effect. A pH of 6.0 or below during the light stage produces much higher yields, in 
part by inhibiting the dark decay rate of a labile intermediate and apparently in 
part by an increase in the total amount of intermediate that can be produced in the 
light. Maximal yields are one mole of ATP formed per 15 moles of chlorophyll 
present. Evidence is presented that the intermediate is neither a purely photo- 
chemical entity, nor a high energy phosphate compound, nor an activated form of 
the redox cofactor. Its possible identity is discussed. 

Indebtedness is expressed to Marie Smith for very able and assiduous technical assistance. 
We are grateful to Dr. Bessel Kok for reading the manuscript. 

Note: After this manuscript had been submitted, the paper of Y. K. and G. M. Shen (Scientia 
Sinica, 11, 1097, 1962) was brought to our attention, in which an intermediate similar to the 
one studied here was demonstrated using wheat chloroplasts. 
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THE AMINO ACID SEQUENCE OF A TETRADECAPEPTIDE 
CONTAINING THE REACTIVE SERINE IN E. COLI ALKALINE 
PHOSPHATASE* 


By James H. Scuwartz,t ArtHuurR M. CRESTFIELD, AND FRITZ LIPMANN 
THE ROCKEFELLER INSTITUTE 


Communicated March 27, 1963 


In a previous communication,' it was reported that a phosphoryl enzyme was 
formed when alkaline phosphatase from E£. coli was incubated with inorganic phos- 
phate. Phosphorylation resulted in the formation of approximately one equivalent 
of serine phosphate per mole of enzyme, as has been noted by Engstrém.? Studies 
of hydrolysates of the phosphoryl enzyme produced by acid or by proteolytic en- 
zymes indicated that the phosphate had become attached to a particular serine 
residue. The elucidation of the amino acid sequence of a tetradecapeptide con- 
taining this reactive serine residue is the subject of the present communication. 
The results of this work confirm the preliminary report of Milstein,* in which he 
showed that the phosphoryl enzyme contains the tripeptide sequence, aspartylphos- 
phoserylalanine. 

Experimental.—The composition of hydrolysates and of fractions from columns was examined 
by electrophoresis at pH 4.7, followed by radioautography and staining with ninhydrin.4 The 
phosphoryl group in the inactivated enzyme and in the products of the proteolytic hydrolyses was 
quite stable between pH 0.5 and 8.0. Orthophosphate was determined by the method of Fiske and 
SubbaRow,® and radioactivity with a windowless gas-flow counter (Nuclear Chicago). Phosphoric 
acid containing P*? (Oak Ridge National Laboratory, preparation P-1) was boiled for 30 min at 100° 
before use. Estimates of the quantity of phosphorus in resolved fractions were based on the spe- 
cifie activity of the phosphate in the initial phosphorylation mixture, corrected for decay of P®?. 
Alkaline phosphatase was purified and its concentration determined as previously described.!: ¢ 
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Pepsin (2x crystallized) and trypsin (2x erystallized, salt-free) were both purchased from 


Worthington Biochemical Corporation, Freehold, N. J. 
Reaction with phosphate was carried out at 


Preparation of phosphoryl alkaline phosphatase: 
acidic pH in order to obtain highest yields of phosphoryl enzyme.': ? 
The procedure of inactivation is a modification of Eng- 


and only a brief incubation is needed. 
strém’s method.? 


Phosphorylation is rapid, 


Alkaline phosphatase (440 mg) was kept at 0° for 10 min in 35 ml of 0.1. Tris-acetate buffer pH 


4, 0.05 M in P**-orthophosphate (i07 epm/umole). 


with swirling of 5.7 N HCl to a final concentration of 0.35 N. 
were added to centrifuge tubes each containing 4 vol of cold acetone. 
washed once with the same amount of acetone, 0.02 NV in HCL. 


The enzyme was inactivated by rapid addition 


Six equal portions of the solution 
The precipitates were 
Residual acetone was removed in 


vacuo at room temperature until the precipitate became transparent. 


Hydrolysis by pepsin and trypsin: 


The dried precipitate, which contained phosphoryl phospha- 


tase, was brought into solution by trituration with 4.5 ml of 88% formic acid, added drop by drop. 


After dilution with 150 ml of 0.01 N HCI, the pH of this solution was 1.8. 


A freshly prepared solu- 


tion of pepsin in 0.01 N HCl containing 15 mg in 1 ml was added, and the mixture was kept at 30° 


with occasional stirring. 
trated NH,OH and 1 M (NH,),CO;. A solution 
containing 13 mg of trypsin in 1 ml of water was then 
added to the peptic hydrolysate. After 30 min at 
40°, the peptic-tryptie hydrolysate was lyophilized 
to a thick syrup. 

Isolation of phosphopeptide PT-b (cf. Figs. 1 and 
2); These fractionations were carried out at room 
temperature. Ion exchange resins were obtained 
from J. T. Baker Co., Phillipsburg, N. J. 

The peptic-tryptie hydrolysate was diluted to 58 
ml with acetic acid and applied to a column (2 em X 
230 em) of Sephadex G-25 (SO-120 dry mesh, Phar- 
macia, Uppsala, Sweden) equilibrated with 50% 
aqueous acetic acid. Those fractions that contained 
the phosphopeptides were concentrated by rotary 
evaporation to remove acetic acid and were then 
applied in 5 ml of water to a column (2 em X 15 
em) of Dowex 1-X2 (200-400 mesh) in the formate 
form. The fractions indicated as B, in Figure 1B 
were concentrated, dissolved in 1 ml of water, and 
again applied to a column (0.9 em X 150 em) of 
Dowex 1-X2 formate, equilibrated with 0.075 M 
formic acid. The fractions indicated in Figure 2A 
were combined and each chromatographed a second 
time in the same manner (ef. Fig. 2B andC). Best 
resolution was obtained if the top 2-3 em of resin were 
replaced before each run with resin equilibrated with 
water instead of the 0.075 M formic acid, which was 
used as eluant. 

Amino acid analyses: Peptides were hydrolyzed 
in 6 NV HCl at 110° for 22 hr in evacuated, deaerated, 
sealed tubes.7_ Analyses were not corrected for de- 
composition of serine, threonine, and_ tyrosine.’ 
Neutral and acidic amino acids were determined ac- 
cording to the procedures of Spackman et al. with a 
50 em column of Amberlite IR 120 and the Spinco 
amino acid analyzer; analyses of basic amino acids 
and NH; were performed with a 15 em column on 
the same instrument. Amide determination followed 


After 2 hr, the peptic hydrolysate was brought to pH 7.8 with concen- 


Fig. 1.—Isolation and partial resolution 
of phosphopeptides on columns. (A) Gel 
filtration of the peptic-tryptic hydrolysate 
of phosphoryl alkaline phosphatase on 
Sucladae G-25 in 50° acetic acid. The 
flow rate was 12 ml/hr and the fraction 
size 7.4 ml; (—-—-—-—) 5 ul portions 
were taken for radioactivity measure- 
ments. (---x---x---) Samples of 
0.05 ml each were taken from alternate 
fractions for quantitative ninhydrin de- 
terminations following alkaline hydroly- 
sis.’ The fractions indicated by the 
double arrow were combined for sub- 
sequent ion exchange chromatography. 
(B) Ion exchange chromatography of 
phosphopeptides on Dowex 1-X2 formate. 
The flow rate was 36 ml/hr and the 
fraction size 3 ml; 2 ul samples were 
taken for radioactivity measurements. 
Water and then 0.05 M formic acid were 
used as eluants, as indicated. The frac- 
tions (B;) indicated by the double arrow 
were combined for rechromatography 


(ef. Fig. 2A). 
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the method described by Smyth et al.'° 
Sequential Edman degradation was 
performed according to the modifica- 
tion of Konigsberg and Hill." Puri- 
fication of the residual peptides at each 
step was omitted. 
Further hydrolyses of phosphopeptide 
PT-b: Phosphopeptide PT-b (1 umole) 
was dissolved in 3 ml of 0.05 M NH4,- 
HCO;. To this solution was added 
130 yg of subtilisin (Nagarse, Teikoku 
Chemical Industry Co., Osaka, Japan), 
{ ) 0 3 freshly dissolved in 0.13 ml of 0.05 M 
} | «> NH,HCO:. This mixture, at pH 7.9, 


in "U | wo & was kept: for 35 min at 30°. 
2 he ae 


Dephosphorylation was essential be- 
fore the sequence of the amino acids 
near the serine phosphate could be de- 
termined. A 2.5 hr incubation at 30° 
of 0.45 pmole of peptide PT-b with 75 
ug of E. coli alkaline phosphatase in 0.5 
ml of 0.05 M NH,HCO; removed 90° 
of the phosphate. Human _ prostatic 
phosphatase (a gift from Dr. G. 
Schmidt), in 0.05 M 
acetate buffer pH 5, also removed the 
phosphate, but more slowly than alka- 


300 330 36 


Separation of four phosphopeptides. 
( ) Measurements of radioactivity were 
made on 2 wl portions. The flow rate was 12 ml/hr 
and 3 ml fractions were collected in all of these 
separations. (A) Ion exchange chromatography of 
fraction B; (see Fig. 1B) on Dowex 1-X2 formate in 
0.075 M formie acid. (B) Ion exchange chroma- 
tography of the fractions labeled PT-b in Fig. 2A 
on Dowex 1-X2 formate in 0.075M formic acid. 
(---x---x---) Samples of 0.15 ml were taken 


Kia. 2: 


ammonium 


from alternate fractions for quantitative ninhydrin 
determinations following alkaline hydrolysis.?7 (C) 
Ion exchange chromatography of a combination of 
the fractions labeled PT-a, PT-c, and PT-d in Fig. 
24 on Dowex 1-X2 formate in 0.075 M formic acid. 
Samples of 0.3 ml were taken from alternate fractions 
obtained between 90 and 280 ml, whereas 1 ml 
portions from alternate tubes thereafter were analyzed 
by the quantitative ninhydrin reaction following 
alkaline hydrolysis.’ 


line phosphatase. 

Hydrolyses with carboxypeptidase A 
were performed by the method of 
Guidotti et al.” 

Partial acid hydrolyses: 
enzyme and peptide PT-b were hydro- 
lyzed either in 2 N HCl for 5 hr in 
sealed tubes at 100°, or in 5.7 N HCl 


Phosphoryl 


at 100° for 20 min in tubes capped by 
glass marbles. The first condition was used for the preparation of phosphopeptides from partial 
acid hydrolysates; 300 mg of enzyme were distributed in 20 tubes, each containing 0.3 ml of 2. NV HCl. 
The HCl was removed by lyophilization. The hydrolysate was chromatographed on a column (1.5 
em X 35 em) of Dowex 50-X8 (200-400 mesh) in the acid form. Three fractions were eluted with 
waterat4°. These fractions were identified by electrophoresis at pH 3.1.! In order of elution they 
inorganic phosphate, serine phosphate, and unresolved phosphopeptides. The pooled phos- 
phopeptide fraction was applied to a column (1 em X 25 em) of Dowex 1-X2 in the formate form, 
equilibrated with pyridine-formie acid buffer pH 3.12, 0.05 M with respect to formie acid. The 
three phosphopeptides, which were known to be present from electrophoretic separations at pH 3.1, 
emerged as resolved peaks at 120 ml, 142 ml, and 160 ml by elution with a linear gradient of 
the pyridine-formie acid buffer extending from 0.05 M to 0.35 M formic acid. These peptides con- 
tained only serine, serine phosphate, and alanine in integral molar amounts. All of these fractions 
contained glutamic acid in nonintegral molar amounts, presumably because of contamination by 
pyrrolidone-carboxylic acid. 

Results.—I sclation and purification of phosphopeptide PT-b: Hydrolysis of phos- 
phory! alkaline phosphatase by pepsin followed by trypsin released a small num- 
ber of phosphopeptides. Partial separation of these phosphopeptides by electro- 
phoresis is demonstrated in Figure 3. Only radioactivity associated with peptides 
is shown; it represents all of the esterified phosphate in the hydrolysate. The 


were: 
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purification of the phosphopeptide fraction from the 
bulk of ninhydrin-positive material is outlined in Figure 
1A. Gel filtration separated the phosphate that was 
incorporated into the enzyme from orthophosphate. 
Nearly all of the nonradioactive material in the phos- 
phopeptide fraction was removed by chromatography 
on Dowex 1-X2 formate (Fig. 1B). Ten per cent of the 
radioactivity was eluted from the column by water. 
These peptides migrated toward the cathode during 
electrophoresis at pH 4.7 and were not studied further. 
Most of the radioactivity was eluted by 0.5 7 formic 
acid. This last fraction was complex, as repeated 
chromatography on Dowex 1-X2 revealed. In Figure 
2 is shown the presence of four radioactive fragments, all 
of which migrated toward the anode with approxi- 
mately the same mobilities. The peptide in major 
yield, phosphopeptide PT-b, accounts for 31.5 per cent 
of the total phosphate initially incorporated into the 
phosphatase, and was shown to be pure both with re- 
spect to phosphorus and to ninhydrin-reactive mate- 
rials (Fig. 2B). This substance was found to be a 
tetradecapeptide with the amino acid composition given + 
in Table 1. Electrophoresis of partial acid hydroly- Pe Tr 
sates of beth phosphoryl! alkaline phosphatase and iso- Fic. 3.—Migration of the 
lated peptide PT-b gave patterns of phosphopeptides — radioactivity in the proteo- 
thet seve oenentialiv idontion! (Fie. 4 lytic hydrolysates of phos- 
1at were essentially identical (hig. 4). phoryl alkaline phosphatase 
Amino terminal sequence (H2N-Thr-Gly-Lys-Pro-A sp- during electrophoresis at pH 
+ "Flew semelte of senuential Basin deebed f 4.7. The symbols have the 
mr 1 re sults Of sé quential <iman degradation o following meanings: _ O, 
purified peptide PT-b are given in Table 1. me ae Pe, cane which 
a, oe any” eae : " a 9 wl sample of the peptic 
Carboxyl terminal sequence (. . .Ala-Ala-Ser-Ala- hydrolysate was applied: 
COOH): Prolonged hydrolysis of peptide PT-b with Tr, channel in which a 5 ul 
reshiveunntiteas jin rod O08 wealthiest chine sample of the peptic-tryptic 
arboxypeptidase A removed 0.88 residue of alanine hydrolysate was applied. 
and 0.1 residue of serine, establishing alanine as the : he X-ray —_ = ne 
a ee ee ee aCe eae aren ee ong enough so that sma 
carboxyl terminus of peptide PT-b. Phosphopeptide amounts of _ radioactivity 
PT-d (Fig. 24 and C) was found to have the same amino would be detected (<1% 
: oye ‘ 1 “ of the total). 
acid composition as peptide PT-b, except for the 
absence of one serine and two alanine residues; phosphopeptide PT-c differed from 
peptide PT-b by a deficiency of one serine and only one alanine residue. Since 
phosphopeptides containing only serine and alanine were obtained by partial acid 
hydrolyses of the phosphory! phosphatase, we assume that these peptides, PT-ce and 
PT-d, obtained in low yield from the peptic-tryptic hydrolysate, arose from the 
same area in the enzyme as did peptide PT-b. These peptides, which share in 
large part the amino acid composition of peptide PT-b, lack two and three res- 
idues as would be expected were hydrolyses by pepsin to occur near the carboxyl 
end of peptide PT-b. These results suggest that the sequence of the three car- 
boxyl terminal residues in peptide PT-b is . . . alanylserylalanine. 
The occurrence of these peptides, both lacking one serine but containing phos- 
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TABLE 
CoMPOSITION OF PEPTIDES DURING SEQUENTIAL EDMAN DEGRADATION OF PEPTIDE PT-b 
Sequence: Thr-Gly-Lys-Pro-Asp-Tyr-Val-Thr-Asp-SerP-Ala-Ala-Ser-Ala 

Stage of Mole ratios of amino acids* 

degradation Thr Gly Lys Pro Asp Tyr Val Ser Ala 
Undegraded 

peptide 1.81 1.07 0.99 1.05 1.92 0.88 0.99 78 
1.24 1.15 0.8 0.71 2.57 0.75 0.91 26 
0.95 0.37¢ 1.0 0.98 1.87 0.7 1.02 61 
1.0 0.68 0.2 0.93 1.95 0.81 1.02 2.0 
1.0 0.30 - 0.33 1.99 0.96 1.0 71 
0.96 0.30 0.3 1.47t 0.82 1.02 .50 


SD 
3 
92 
94 
1 
4 


Nwwnmnwoa te 


* The data are the mole ratios of the amino acids in the residual peptide after or indicated stare of degrada- 
tion. Mole ratios were calculated on the basis of the averare of Val and (Ala/3) = 1.0. 

t Only 0.05-—0.1 umole quantities of peptide were analyzed. In analyses of these low quantities, serine, rly- 
cine, aspartic acid, and threonine arising as background may be encountered. Data in the subsequent analyses 
failed to confirm the high values noted in staves | and 3, indicating that these values were spuriously high. 

tSee Smyth ef al.'* for an explanation of the incomplete loss of glycine and aspartic acid. 


phate, indicates that the phosphoryl group in peptide PT-b is on the serine in the 
central sequence. This placement of the phosphate was confirmed by the analysis 
of a phosphopeptide isolated from a partial acid hydrolysate of phosphoryl] alkaline 
phosphatase. This peptide contained two serine and three alanine residues. Ed- 
man degradation of this peptide resulted in the loss of one serine residue and also of 


5.7NHCI 2NHCI + 


the phosphate as inorganic phos- 

phate, indicating that the unsta- 

Pj ble phenylthiohydantoin of ser- 

ine phosphate had been formed. '* 

A prolonged incubation of 

peptide PT-e with carboxypep- 

tidase A did not release any 

amino acids, suggesting the prox- 

imity of an inhibitory acidic 

group, presumably the phos- 

phate. After removal of the 

phosphate from peptide PT-b, 

however, carboxypeptidase A 

quantitatively released one serine 

and three alanine residues in four 

hr, as may be seen in Figure 5. 

The carboxyl terminal alanine 

was released rapidly (1 residue in 

20 min); the next residue, serine, 

appeared slowly (1 residue in 4 

hr). The remaining two alanine 

Eb b rch Ee residues were released twice as 

rapidly (1 residue in 2 hr) as 

a tie tragmpariaes by certoohorais ot BHU 3.1 was the serine. ‘These results 

phosphatase and of peptide PT-b. The site of applica- Suggest that the rate of hydrol- 
tion is indicated by O. The positions of serine phos- vsis of the alanvylservl bond 

phate and inorganic phosphate are shown as SerP * FES 
and Pi, respectively. Under each condition of hy- Slowest; when serine is released, 
drolysis (5.7 N HCl or 2 N HCl), both enzyme (FE) _ jt is rapidly followed by two resi- 


and peptide (b) were applied as streaks which over- : : 
lapped partially as indicated by E,b or b,E. dues of alanine. 
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Central sequence (... Tyr-Val-Thr-A sp- 
SerP. . .): When peptide PT-b was hy- 
drolyzed with subtilisin, two fragments 
were formed rapidly, only one of which 
contained phosphorus. The fragment 
containing phosphorus, peptide PTS, 
migrated more rapidly toward the anode 
at pH 4.7 than did peptide PT-b. The 
nonradioactive peptide migrated quite far 
toward the cathode, indicating the pres- 
ence of lysine. Peptide PTS was isolated 
and purified by chromatography of the 
subtilisin hydrolysate on a column (0.5 
em X 20 em) of Dowex 50-X8 in the acid Time of hydrolysis in hours 
form. Elution was carried out at 4° Fic. 5.—The course of hydrolysis of 


with water. The amino acid composi- dephosphorylated peptide PT-b by carboxy- 
peptidase A. 


oles per mole 


acid released, m 


Amount of amino 


l 


tion, given in Table 2, shows that this 
fragment was derived from peptide PT-b by removal of five amino acid residues 
from the amino terminalend. The results of sequential Edman degradation of pep- 
tide PTS are also presented in Table 2. When aspartic acid is amino-terminal, in- 
complete loss as the phenylthiohydantoin is encountered (ef. ref. 14). Since only 
40 per cent of a residue of aspartic acid was lost, the loss of serine in the next 


step was expected to be incomplete as well. 
TABLE 2 
ComposiITION OF PEPTIDES DURING SEQUENTIAL EDMAN DEGRADATION OF PeEpTipE PTS 
Sequence: Tyr-Val-Thr-Asp-SerP-Ala-Ala-Ser- Ala 


Stace of Mole ratios of amino acids* 

degradation Tyr Val Thr Asp Ser Ala 
Undegraded peptide 0.94 0.98 0.89 0.94 37 3.00 
Ist 1.00 0.88 1.08 27 3.00 
2nd 1.03 1.09 5 3.00 
3rd 0.39 1.04 4{ 3.00 
ith 0.138 0.60t t. 3.00 
5th 0.18 0.56 187 3.00 
* See Lecend to Table 1. Mole ratios were calculated on the basis that Ala = 3.00. Figures below 


0.1 residue are not recorded. 
See text and note to Table 1. 


Amide determination: Analysis of peptide PT-c before and after acid hydrolysis 
did not show any ammonia arising from the peptide itself, indicating that aspara- 
gine was absent. 

Distribution of the phosphorus: Of the initial 1.2 mole of phosphorus fixed per 
mole of enzyme, 56 per cent was accounted for as peptides, which have the same com- 
position near the serine phosphate. Peptide PT-b, the sequence of which is shown 
in Table 3, was obtained in 32 per cent yield. Peptides PT-c and PT-d are assumed 
to arise because several bonds are susceptible to hydrolysis by pepsin. Peptide 
PT-a, though not pure (ef. Fig. 2B), yielded upon hydrolysis by subtilisin a single 
phosphopeptide identical to peptide PTS in amino acid composition. About 
10 per cent of the phosphorus was not recovered; a further 20 per cent was excluded 
as extreme fractions when peak fractions were pooled. Only 10 per cent was found 
in resolved peptides, which were not studied. 
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TABLE 3 
SEQUENCES OF AMINO ACIDS NEAR THE REACTIVE SERINE RESIDUES IN SEVERAL HYDROLASES 


Enzyme Ref. 
Alkaline phos- — See Thr-Gly-Lys-Pro-Asp-Tyr-Val/Thr-Asp-SerP-Ala-Ala Ser-Ala 
phatase text 


(E.coli) 


(3) Asp-SerP- Ala 
Chymotrypsin (17) Ser-Gly-Val-Ser-Ser-Cys-Met Gly-Asp-Ser- Gly-Gly Pro-Leu-Val-Cys-Lys 
Trypsin (18) Asp N Ho-Ser-Cys-Glu-Gly Gly-Asp-Ser- Gly-Pro Val-Cys-Gly-Lys 
Pseudo cholin- (19) Phe Gly-Glu-Ser-  Ala-Gly 

esterase 
Liver aliester- (20) Gly-Glu-Ser- Ala-Gly Gly 

ase 


Subtilisin (21) Thr-Ser- Met-Ala 


Comments.—The amino acid sequence, which we find near the reactive serine resi- 
due in alkaline phosphatase from E£. col7, is similar to sequences found at the active 
centers of several esterases, as indicated in Table 3. It is not certain at present 
whether the alkaline phosphatase molecule contains one active site or two. Plocke 
et al.® found two atoms of zine associated with the molecule, and Rothman and 
Byrne" reported that the average molecular weight decreases twofold after reduc- 
tion and alkylation of the enzyme. The number of tryptic peptides detected indi- 
‘ated that there might be two identical subunits. Low pH has also been reported to 
‘ause dissociation of the enzyme.?? Furthermore, binding of two phosphate ions by 
this enzyme has been quoted.** 

The sequence reported in the present work represents one site. If there are 
two active sites in alkaline phosphatase, they may be identical; or they may differ, 
one being more difficult to label than the other. 


The authors thank Dr. W. H. Stein for his help in preparing this paper, and Drs. Rothman, 
Byrne, Schlesinger, and Levinthal for making their manuscripts available to us before publica- 
tion. 


* This work was supported by grants from the National Science Foundation and from the U. 8. 
Public Health Service. 

+ The material presented is taken from the thesis that will be submitted by James H. Schwartz to 
the faculty of The Rockefeller Institute in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 
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SEPARATION OF THE RNA MESSAGE TRANSCRIBED IN 
RESPONSE TO A SPECIFIC INDUCER* 


- 


By M. Hayasui, 8. SpreGetMAN, N. C. FRANKLIN, AND S. E. Luria 
DEPARTMENT OF MICROBIOLOGY, UNIVERSITY OF ILLINOIS, URBANA, AND DEPARTMENT OF BIOLOGY, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Communicated March 25, 1963 

The addition of an inducer such as thio-methyl-8-D-galactoside (TMG) to a 
wild-type strain of Escherichia coli specifically stimulates the synthesis of the en- 
zyme 6-D-galactosidase.' 2 An attempt at elucidating the mechanism of this 
process is the object of the present paper. 

Two sites of inducer action may be proposed in terms of the currently accepted 
view of information flow from the genome to the protein-synthesizing machines. 


One site would be at the gene level, the inducer releasing an inhibition of the tran- 
scription mechanism that produces complementary RNA copies of the gene. The 
other site would be at the level of translation of the genetic messages into protein 
molecules. Although these alternatives are not mutually exclusive, their individual 
operation can be tested since techniques are available to provide an answer to the 
following question: Does the presence of inducer increase the production of message 


homologous to the relevant genetic region? 

The detection and assay of RNA complementary to the genetic region responsible 
for 8-galactoside utilization—the lac region—can, in principle, be carried out by 
the hybridization test of Hall and Spiegelman.* A purified preparation of the 
corresponding DNA segment would furnish optimal hybridizing material for this 
RNA. An approximation is provided by the bacteriophage P1dl, a high-frequency 
transducing phage which has been shown to carry the lac “operon.”’* ® The use 
of the DNA from this phage as a detecting device introduces some uncertainties 
due to possible homologies involving segments of the genome other than the lac 
region. Fortunately, the uncertainties introduced by extraneous homologies can 
be minimized by another device. Kano-Sueoka and Spiegelman® showed that, 
given two RNA preparations, components present in only one of them can be 
identified by using two different isotopic labels and simultaneous chromatography. 
If induction stimulates message production, RNA unique to induced cells should 
be detectable by chromatographic fractionation, which may also separate it from 
other RNA fractions that happen to be complementary to the detector DNA. 

The present paper describes experiments which demonstrate the presence in 
induced cells of increased amounts of RNA complementary to the DNA of the lac 
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region. This /ac-RNA ean be identified chromatographically and distinguished 
from other /. coli RNA messages which possess homology for the bacteriophage 
genome. The data are consistent with the concept that the presence of inducer 
leads to an increased rate of message production from the lac region of the genome. 

In two recent preliminary accounts, Attardi e¢ al.” reported experiments in which 
the fraction of RNA message corresponding to the galactose (ga/) region was de- 
tected by hybridization between unfractionated E. coli RNA and the DNA from 
the transducing phage \ dg. Their findings are amplified, and their conclusions on 
the site of induced action confirmed, by the present results. 

Materials and Methods.—Bacterial and viral strains: Two strains of E. coli were used as sources 
of RNA. One was the inducible strain BB, i+z*y*, wild-type; the other was strain W4032 
t-z>y, which is a /ac~ deletion mutant’ derived from E. coli K-12. 

The phage strains used were PI and one of the defective Pldl phages that transduce the lac 
genes at high frequency.‘ The particular Pld/ employed was derived from P1dJs,> which carries 
the lac region of Shigella dysenteriae, strain 60, i+z*y**'. Recombination occurring in a strain of 
E. coli carrying Pldls as well as a coli lac region i-z~y* gave rise to a line of Pldl, i-z*y*', in 
which the genes 7~ and z* from E. coli have replaced most of their homologues from strain 60 
(N.C. Franklin and B. Howard, unpublished). This Pld/ line was chosen for the present work 
because it consistently yields high titers of transducing phage particles. 

E. coli strain W4032 was used to grow Pl and S. dysenteriae strain Sh to assay it. For prepara- 
tion of Pldl lysates, cultures of W4032 (Pld/) were induced with ultraviolet light, superinfected 
with PI, and allowed to lyse. The lysates, with titers of about 2 * 10° Pl and 10% transductions 
per ml, were filtered; the phage was concentrated 400-fold by 2 cycles of high and low speed 
centrifugation and was resuspended in phosphate buffer 0.1 1, pH 7.0, with 0.1 47 NaCl and 
0.01 M MgSO, added. Each phage preparation was assayed for plaque-forming units and for 
transduction units. The transduction titers are underestimations of the titers of Pld/ in these 


preparations; additional estimates were obtained from the rates of 8-galactosidase synthesis 
observed after infecting EF. coli z-y* bacteria with known aliquots of each Pldl preparation.® 
Since phages Pl and Pldl cannot be separated by density-gradient centrifugation® " their relative 
concentrations in each preparation had to be calculated from these rather crude estimates. Hence, 
the corrections used in Tables 1 and 2 must be considered as only rough approximations. 


TABLE 1 


HyBrIDIZED BULK RNA as RNAASE- Ruswrant CouNTs IN THE DNA Density REGION 
DNA Preparation - — ——s 


Source of RNA Pidl P1 Pidl corrected for P1 


W4032 “induced”’ 31 58 0 
BB induced 280 106 216 
BB noninduced 72 87 25 


Induction, pulsing with H*-uridine, purification of RNA, and assay of RNAase-resistant cpm were as described 
under Methods. The first column represents the sum of counts hybridized to Pldl DNA, as shown in Figure 1; 
the second column is from a similar experiment with Pl DNA. In all cases the number of counts included in the 
hybridizing mixture is the same. The third column is obtained as follows: Column 1—column 2 (0.6 X 0.9). 
The 0.6 factor is an estimate of the fractional content of Pl in the preparation of Pldl; the 0.9 factor adjusts for a 
difference in the DNA content of the two preparations as determined from O.D.20. 


TABLE 2 
HYBRIDIZATION OF PREFRACTIONATED RNA To DNA 
. -———-_-—_———_DNA Preparation—— ——_—___—__—_-—_ 
Source of Region Ra RNA Pl Pldl corrected for P1 
BB induced 5f 151 514 
BB noninduced é 125 16 


RNA from a noninduced BB culture was fractionated and a sample corresponding to region Rz of Figure 3 was 
collected and concentrated. Its ability to hybridize with Pldl DNA and Pl DNA was compared under identical 
ane to that of a similar sample of RNA from an induced BB culture. Conditions and calculations are as 
in Table 
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Phage DNA was purified by the method of Grossman et al.'! Heat denaturation of the DNA 
was carried out as described previously." 

RNA preparation: Bacteria were grown in SC medium," with glycerol as a carbon source, 
plus 0.05°% of casein hydrolysate and 10 y/ml of thiamine. Bacteria were pulsed with radioactive 
uridine for 90 sec during log phase. The RNA was extracted by the phenol method and purified 
as detailed by Hayashi and Spiegelman.'? The purified RNA was concentrated by the procedure 
of Yankofsky and Spiegelman." 

Column chromatography: The preparation of the methylated albumin columns and their use 
for RNA fractionation follow the detailed description of Kano-Sueoka and Spiegelman.*® 

DNA-RNA hybridization and assay of hybridized material: The buffer and ionic conditions 
used for hybridization are as reported previously.'?. The reaction mixtures containing in 0.6 
milliliters 20 » of heat-denatured DNA and fixed amounts of RNA were incubated at 43°C for 
24hr. The samples were then placed in CsCl and centrifuged to density equilibrium in the SW 39 
swinging bucket rotor of a Spinco Model L centrifuge.* Samples collected dropwise from the 
bottom of the tube were diluted to 1 ml with buffer and the O.D. at 260 my was determined. 
Aliquots were diluted to 10 ml with Tris-Mg**-NaCl buffer (3 « 1072 M,5 & 10°>* M, 0.03 M, 
respectively), pH 7.4. The diluted samples were treated with pancreatic RN Aase (10 y/ml) at 
30°C for 20 min. As an internal control of the digestion, P**-labeled 23S ribosomal RNA was 
added (a correction of the order of 3°; being made for the RNAase-resistant core of the added 
RNA). Procedures for counting the RN Aase-resistant radioactive material on millipore mem- 
branes in a liquid scintillation spectrophotometer have been described. ! 

To check the adequacy of the hybridization conditions as an assay system, a series of preliminary 
tests was carried out with heat-denatured Pldl DNA and labeled RNA from induced BB. The 
DNA was kept constant at 20 y per 0.6 ml sample, the input RNA was varied, and the amount of 
cpm hybridized was determined. The amount of RNA hybridized was linearly related to the 
RNA input up to levels twice as high as those employed in the present study. This ensures that 
the DNA was present in adequate excess. 

Reagents: H-uridine at 500 ye/112 7 from New England Nuclear Corp. and C'-uridine at 
5.7 we/mgm from Schwarz BioResearch, Inc. were used. For usual labeling the H*-uridine was 
diluted 10-fold. When RNA of high specific activity was required, the H*-uridine was used 
undiluted. In all cases 1 y uridine per ml was present. The inducers TMG and isopropyl-thio-s- 
D-galactoside (IPTG), obtained from Mann Research Laboratories, were used at 5 & 1073 M. 

Results.—As already indicated, the question of inducer effect can be examined 
in two ways. In the first, the amounts of RNA specifically complementary to 
the DNA from PId/ is compared by hybridization with bulk RNA from induced 
and noninduced cultures. In the second, an RNA fraction specific to induced 
lac* cells is located by a direct chromatographic separation and its message nature 
is checked by hybridization tests. 

A. Hybridizations with unfractionated RNA: The insertion of suitable controls 
required the preparation of labeled RNA from: (a) an induced wild type; (6) 
a noninduced wild type; (¢) an “induced” lac deletion. Accordingly, log-phase 
cultures of £. coli BB and W4032 were pulsed with H*-uridine for 90 see after five 
min of growth with inducer; a similar pulse was performed on £. coli BB without 
inducer. The radioactivity in the bulk RNA from these cultures was 8.6 X 105 
epm/mg, 8.3 X 10° ¢pm mg, and 8.4 X 10° epm/mg for the induced BB, induced 
W4032, and noninduced BB, respectively. 

Results of hybridization between these preparations and Pldl DNA are described 
in Figure 1. It is evident that little hybrid is formed with the RNA from the lac- 
deletion mutant and that the largest amount of hybrid is observed when the RNA 
is derived from the induced wild-type culture. For quantitative interpretation, 
one must take into account that phage preparations of Pldl always contain some 
phage P1. The best available estimate for the P1d/ preparation used in the present 
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Fic. 1.—RNAase-resistant counts in DNA density region. (4) Bulk RNA from strain W4032 
(lac deletion) labeled with H®-uridine between 5 and 6.5 min after induction with IPTG. (2) Bulk 
RNA from BB labeled during the same period without inducer. (C) Bulk RNA from BB labeled 
during the same period with inducer. Mixtures of heat-denatured P1 di DNA and bulk RNA were 
made in TMS buffer (0.03 M Tris, pH 7.3, 0.001. MgCl, 0.8 .M NaCl) and kept at 43°C for 24 
hr; they were then brought to a density of 1.73 and a total volume of 5 ml with CsCl. Centrifuga- 
tion was for 70 hr at 33,000 rpm at 25°C. Fraction collection and counting of RN Aase-resistant 
material as described in Methods. The amounts of H*-RNA and of DNA included in reaction 
mixture were the same in all cases. 


study indicates that Pl represented about 60 per cent of the total phage present. 
Hence, parallel control hybridizations were carried out with Pl DNA. The results 
not only served as a check on the nature of the DNA-RNA hybrids formed with 
Pid! DNA, but also permitted corrections for extraneous hybrid formation with 
Pl DNA. Table 1 summarizes the results of hybridizations with both P1 and 
Pidl DNA. Comparing the first two columns we note that RNA from induced 


BB contains approximately four times more RNA complementary to the Pldl 
DNA preparation than the noninduced control. When tested with DNA from 
P1, the two preparations show only a slight difference. The RNA from the “in- 
duced” deletion mutant W4032 contains little RNA hybridizable to the Pldl DNA. 
Since some hybridization between coli RNA and P1 DNA occurs, a correction 
must be applied in order to estimate the amount of RNA specifically hybridizable 
to Pldl. This is done in the third column of Table 1. From the corrected values 
it appears that virtually all of the material which hybridizes to P1d/ from RNA of 
the “induced” deletion mutant is accounted for on the basis of P1 contamination. 
In addition, the correction increases the difference in hybridization between the 
RNAs of induced and noninduced BB to a factor of about 10. Attardi et al. 
also found that F£. coli RNA gives some hybridization with the DNA from phage X. 
The data of Table 1 as well as the results with the gal region’ support a mech- 
anism of inducer function which results in an increased production of RNA com- 
plementary to the genetic region whose product the inducer increases. This 
conclusion was further tested by a different procedure, which in addition permits 
resolution of ambiguities introduced by the background of irrelevant homologies. 
B. Chromatographic identification of the lac message: The idea underlying the 
method can be stated simply. Consider two labeled RNA preparations, one identi- 
fied by H* and the other by C'*. If a mixture is loaded on a column, the elution 
profiles of the H* and C4 labels should be identical if the two preparations are the 
same, and should differ if one contains some components absent from the other. 
The problems at hand can be answered using mixtures of RNA purified from the 
following three pairs of cultures: (A) two wild-type, inducible BB cultures, one 
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labeled with H*-uridine in the presence of inducer, the other with C'*-uridine in its 
absence; (B) two BB cultures, both without inducer, one labeled with H*, the 
other with C'-uridine; (C) two W4032 cultures (/ac-deletion), one labeled with 
H*-uridine in the presence of inducer, the other with C'‘-uridine in its absence. 

In mixture (A), an inducer-stimulated production of lac message will be signaled 
by the appearance in the H® profile of components which are absent in the C'™ 
profile. These discordancies should be absent from elution profiles of mixtures 
(B) or (C). In mixture (B) neither culture contained inducer during labeling; 
this mixture also serves to monitor the reproducibility of the profiles. Mixture 
(C) serves to detect irrelevant effects of inducer on RNA synthesis since in this 
instance the lac region is missing. 

We first examine the two contrel preparations. Figure 2 describes the profiles 
of the RNA from the /ac-deletion mutant. The presence of inducer causes no 
significant distortion in the distribution of one isotope with respect to the other. 
The excellent concordance of C'* and H? in the other control (uninduced BB, Fig. 
3A) proves that the various steps involved are reproducible in terms of the final 
outcome. (A comparison of the profiles of Figures 2 and 3 would not be justified, 
because strains BB and W4032 are independently isolated wild-type strains.) 


; Col ; LAC-DELETION MUTANT 
Mia. 2.—Column chroma- eee ae TMG = 
tography of RNA from cul- a i 
tures of lac-deletion mutant 0 2 4 6 8 MIN 
with and without inducer. ——— 
As in all the other figures, 
protocols and timings are 
diagrammed. One culture 
was induced with IPTG at 0 
time and pulsed with H*- 
uridine at 5 min. The other 
culture, without inducer, was 
pulsed with C'-uridine. At 
6.5 min, incorporation was 
terminated; RNA was_ iso- 
lated from each culture and 
purified. A mixture of the 
two samples was chromato- 
graphed. ©.D. profile iden- 
tifies pre-existent stable com- 
ponents. NaCl gradient, 
measured by refractive index, 
is indicated. Here and in 
Fig. 3, counts are expressed 
as per cent of total to permit 
easier visual comparison of 
profiles. 40 
FRACTION NUMBER 





cl4-u 





The experimental mixture is shown in Figure 3B. Here we note two discordancies 
of the induced RNA (H°-profile, region R»), which are reproducibly observed when 
induced and noninduced RNA from an inducible strain are compared. 

Direct evidence that these discordancies correspond to messages from the lac 
region is provided by hybridization between Pldl DNA and various RNA fractions. 
To reduce the experiment to manageable proportions, fractions within the regions 
indicated in Figure 3A as Ro, Ry, Re, and R; were pooled, concentrated, and used in 
the hybridization test. The RNAase-resistant counts found in the DNA density 
region of a CsCl gradient are shown in Figure 4. It is clear that a major portion 
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Fig. 3.—Column chromatography of induced 
and noninduced RNA from wild type. (A) 
Control mixture of two RNA samples of E. coli 
BB independently labeled during the same pe- 
riod, without inducer. (8) Mixture of induced 
and noninduced RNA samples. H? labels the 
induced culture, C' the noninduced culture. 
All symbols and other details as in Fig. 2. 


Proc. N. A. 8. 


of the RNA hybridizable to Pldl DNA 
is found in region Re, which corre- 
sponds to the discrepant bands ob- 
served in the H® profile of Figure 3B. 

The column fractionation permits 
differentiation the RNA 
complementary to Pl DNA and the 
RNA that specifically hybridizes to 
Pldl DNA. Figure 5 summarizes the 
extent of hybridization with Pldl and 
Pl DNA in terms of the epm com- 
plexed in the different regions of the 
column effluent. The RNA compo- 
nents which hybridize with Pldl DNA 
appear to have a peak at a different 
position from those components that 
can hybridize with Pl DNA. Unfor- 
tunately, beyond region R; the counts 
were too few for use. 

Since most of the RNA specific for 
the lac region is to be found in region 
R», a series of hybridizations was car- 
ried out with RNA from this region 
derived from both induced and nonin- 
duced cultures. Again, the same 
number of counts and amounts of DNA 
were included in the reaction mixtures. 
The results are summarized in Table 
2. Comparison with the bulk hybrid- 
izations of Table 1 reveals that the use 
of the fractionated RNA has magni- 
fied the difference between the induced 
and noninduced preparations. Before 
adjustment for P1 content the differ- 
ence is 7-fold; after correction it is 
over 30-fold. 

Discussion.—Hybridizations — with 
DNA from the transducing phage 
Pldl indicate that an inducer of gal- 
actosidase synthesis increases the pro- 
duction of RNA complementary to 
the lac region DNA. Controls of two 
types were used to monitor the mean- 
ingfulness of the observed stimula- 
The first control showed that 


between 


tion. 


inducer had virtually no effect on the amount of RNA complementary to DNA from 


a P1 phage which does not contain the lac genes. 


The second control showed that 
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addition of inducer to a lae-deletion 
mutant of /. cold did not result in the 
appearance of an RNA which hybrid- 
izes specifically with Pldl DNA, 

An independent confirmation of 
these observations was made possible 
by simultaneous column chromatog- 
raphy, which revealed in RNA from 
induced cells the presence of compo- 
detectable in noninduced 
Hybridization of various 
fractions with Pld! DNA confirmed 
that the distinctive RNA peaks found 
in the induced preparation contained 
RNA complementary to the lac region. 
Parallel tests with Pl DNA revealed 
the existence of EF. coli RNA messages 
external to the lac region and which 


nents not 


controls. 


HAYASHI ET AL. 


Fig. 4.— Hybridization of fractionated induced 
RNA. A culture was induced and labeled with 
H*-uridine at high specific activity (500 we/112 
y), and fractionated as in the experiment of 
Fig. 3B. Fractions corresponding to the 4 
regions indicated were pooled, concentrated, and 
aliquots were used for hybridization. All other 
Here and in Fig. 5 the 


ae : : ped details as in Fig. 1. 
‘an hybridize with Pl DNA. These 


could be distinguished on the column 
from those that hybridize with Pldl DNA, 

K’stimates from hybridizations with fractionated RNA suggest that the presence 
of an inducer increases 30-fold the amount of RNA complementary to the lac 


regions 0, I, II, III correspond to regions Ro, Ry, 
R», R; in Fig. 3 and text. 


It must be emphasized that this is only a rough approximation which 
may underestimate the true value by an order of magnitude. 

The conclusions that can be drawn with respect to inducer function may briefly 
It will be noted that we have not considered the possibility that 
Such mechanisms are 


region. 


be mentioned. 
inducer functions by preventing destruction of message. 
improbable in view of the cogent genetic arguments developed by Jacob and 
Monod.'* Further it must be recalled that the increases in lac RNA were observed 
in cultures that were actively synthesizing enzyme and presumably, therefore, using 


— 600 


Fig. 5.—Column = separa- 
tion of lac RNA and of RNA 
complementary to Pl. For 
each region the amounts of 
RNA found to be hybridiz- 
able to Pldl DNA and _ to 
Pl DNA are plotted. The 
O.D. profile is reproduced to 
provide a ready identification 
of relative positions. The 
data from Fig. 4 were used 
for the Pldl DNA-curve; 
those for the Pl DNA curve 
are from a parallel experi- 
ment. 
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the corresponding message. Any mechanism which would restrict inducer function 
to the site of message translation into protein is made unlikely by the present data. 
These findings do not eliminate, however, a double effect on both production and 
use of message. Neither do they specify that the primary site of inducer function 
is at the transcription step since this step may be stimulated indirectly. Thus, the 


inducer may inactivate a repressor or inhibit its production. The experiments 
do indicate that, whatever the detailed mechanism, the presence of inducer does 
result in an increased transcription of the relevant genetic region. 

The present experiments were done with a single type Pldl. Others can be 
prepared, carrying either complete or partially deleted lac regions, which can be 
used for further characterization of the specifically complexed RNA messages. 

Summary.—Hybridization of RNA with DNA from a transducing phage carrying 
the lac genetic region and chromatographic fractionation of RNA were employed 
to detect the specific lac message RNA in F. coli. The experiments demonstrate 
the occurrence in induced cells of increased amounts of RNA messages comple- 
mentary to the lac region. This RNA can be identified chromatographically and 
distinguished from other F. coli messages which possess homology for some portions 
of the phage genome. The data are consistent with the conclusion that the presence 
of inducer leads to an increased rate of transcription from the lac region. 


* This investigation was aided by grants-in-aid from the U.S. Public Health Service and the 
National Science Foundation. 
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Several reports have described the effect of different forms of energy on gaseous 
mixtures of methane, ammonia, hydrogen, and water—the kind of mixture that 
probably comprised the atmosphere of the prebiotic earth.'~* While the formation 
of amino acids in such experiments has been clearly demonstrated, there is little 
evidence for the formation of the heterocyclic bases which are major constituents of 
the nucleic acids. Apart from Oré’s synthesis of adenine by the action of heat on a 
concentrated solution of ammonium cyanide‘ and Fox’s synthesis of uracil by a 
thermal reaction between malic acid and urea,® there appears to be no report in the 
literature of the formation of a purine or pyrimidine under simulated prebiotic 
‘arth conditions. Palm and Calvin suggested that adenine was a probable product 
of the electron irradiation of a mixture of methane, ammonia, hydrogen, and water.* 
They had preliminary but not conclusive evidence for the formation of adenine. 

The primary object of the present investigation was to examine the possibility 
of the synthesis of heterocyclic bases from mixtures of primitive gases. We have 
established that (1) adenine is indeed a product of electron irradiation of a mixture of 
methane, ammonia, and water, (2) there is an inverse relationship between the 
amount of adenine synthesis and the amount of hydrogen gas present, and (3) of 
the five nucleic acid bases, adenine is the one most readily synthesized under 
prebiotic conditions. 

Materials and Methods.—Mixtures of methane-C'*, ammonium hydroxide (4 V), and, in some 
experiments, hydrogen were irradiated with electrons in the glass apparatus (volume approx. 
750 ml) shown in Figure 1. The source of ionizing radiation used in these experiments was, 
simply as a matter of convenience, a linear electron accelerator. Four separate experiments 
were performed. 

Twenty ml of 4 N NH,OH and two or three boiling chips (SiC) were introduced into the ir- 
radiation tube. The flask B was cooled to —78° and the tube evacuated. One-quarter mM of 
CH, (containing 0.5 mc; sources: Tracerlab, Inc. and New England Nuclear Corp.) was intro- 
duced, followed by nonlabeled methane (12 mM) until the pressure in the tube was 300 mm. 
During the methane addition, care was exercised to exclude all air from inlet tubes. In two 
experiments, no Hy was used. In a third experiment, 50 mm of H2 was added; in a fourth ex- 
periment, 100 mm of H: was introduced into the irradiation tube. 

During the irradiations the tube was kept in a horizontal position. The electrons entered the 
tube through the concave end window, which was larger in diameter than the cross section of the 
electron beam. The electrons had an energy of 4.5 Mev and were delivered in 60 pulses per 
sec, each pulse lasting 6 usec. The integrated dose rate was 18 wamps, and the time of irradiation 
was 45 min. The current delivered during this time was 0.0486 coulombs. Cobalt glass dosimetry 
at the center of a similar irradiation tube indicated that 1.5 X 104 rads were absorbed per micro- 
coulomb. The total energy absorption was therefore about 7 x 10° rads, or 7 X 10" ergs/ 
gram. 

The liquid in flask B (Fig. 1) was boiled during the irradiations; heat was supplied by two infra- 
red lamps. The irradiations took place in both the gas and liquid (on the cold-finger surface) 
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Fig. 1.—A, Irradiation tube. B, flask containing NH,OH. C, cold finger condenser. D, 
vacuum-pressure gauge. # and F’, vacuum-seated stopcocks. G, lead shield. 


phases. The boiling caused a continuous washing back into B of the condensate on C. During 
the irradiation the pressure in the tube rose to 1.0-1.5 atmospheres. 

At the end of the reaction the liquid in B was removed. The entire tube was washed with about 
20 ml of water and the washings were added to the reaction products. Volatile products were 
not investigated. 

Analyses for the nonvolatile products were carried out on aliquot portions by means of paper 
chromatography on oxalic acid-washed Whatman No. 4 paper. An aliquot portion of the product 
was placed on the paper together with carrier adenine. The paper was developed with n-propanol- 
16 \V NH,OH-water (6:3:1 by volume) in one direction and n-butanol-glacial formic acid-water 
(77:10:13 by volume) in the other. The area corresponding to the carrier adenine was cut out 
and eluted. The eluted material was rerun in two other solvent systems: n-butanol-water (86:14 
by volume) and isopropanol-2 NV HCl (65:35 by volume). The distribution of radioactivity on 
the chromatograms was recorded by autoradiography with X-ray film. The adenine was located 
on the chromatograms through the use of shadowgrams.®: 7 The percentage of adenine formed 
from CH, was determined by elution of the adenine spots from the chromatograms, and counting 
the radioactivity in a liquid scintillation counter. 

Other series of chromatograms were run in which the other purine and pyrimidines commonly 
found in the nucleic acids (guanine, cytosine, uracil, and thymine) were used as carriers. 

Results and Discussion.—In all four experiments, and in all four paper chroma- 
tographie solvent systems, there was perfect coincidence in both position and shape 
between the inactive carrier adenine (shadowgrams) and one of the radioactive- 
product spots (X-ray film darkening). An example of such coincidence is shown in 
Figure 2. 

The following conditions were all held constant through the four experiments: 
CH, pressure (300 mm), C'H, activity (0.5 me), NH; and H,O pressure was a 
total of about 1.5 atm (from 20 ml of 4. N NH,OH at about 100°), energy absorption 
about 7 X 10" ergs. The one variable was the amount of added Hy. The amount 
of adenine produced as an apparent function of this variable is shown below. 


9 


Experiment 1 3 4 

H, pressure, mm 0 0 50 100 

© of CH, converted 
to adenine-C* 0.012 0.016 0.002 0.001 

The results of this investigation clearly establish adenine as a product of the 
irradiation of methane, ammonia, and water. Furthermore, it appears that the 
production of adenine is enhanced by the absence of Hy». This is not surprising 
since methane carbon must be oxidized in order to appear finally in purines and 
amino acids. The hydrogen would be expected to interfere with the oxidative 
processes. In our system, the principal species affecting the oxidations are probably 
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Fig. 2.-Formation of adenine by electron irradiation of simulated prebiotic earth atmospheres. 


OH and NHz radicals, and these radicals would revert to the starting materials 
(water and ammonia) on reaction with hydrogen: 

-OH + H, ~ H.O + H- 

-NH, + H. ~ NH; + H- 


The first reaction is energetically favored since the H—H bond energy is 104.2 
keal and the HO—H bond energy is 119 keal.’ The second reaction is slightly un- 
favored (H2.\N—H bond energy is 103 keal) and may not occur. Another way in 
which H, may interfere with the production of purines would be through the back 
reaction ‘CH; + H, ~ CH; + -H. Here, the bond energies are very similar: 
H—CH,; (104 keal), H—H (104.2 keal).* In any event, the high concentration of 
organic matter on the prebiotic earth probably arose only at a time when most of 
the hydrogen had escaped from the atmosphere. Other results of our present work 
have indicated that there is also an inverse relationship between the presence of 
hydrogen and the synthesis of amino acids. 

No guanine, cytosine, uracil, or thymine was detected on any of our chromato- 
grams. Any one of these bases would have been detected if it had been present in 
one hundredth the amount of the adenine. The apparent preference for adenine 
synthesis may be related to adenine’s multiple roles in biological systems. Not 
only is it a constituent of both DNA and RNA, but it is also a unit of many im- 
portant cofactors—for example, ATP, ADP, DPN, TPN, FAD, and coenzyme A. 
In addition, molecular orbital calculations have shown that, of all the biologically- 
important purines and pyrimidines, adenine has the greatest resonance energy.* '° 
This would not only make adenine’s synthesis more likely but would, in addition, 
confer radiation stability upon it. Thus, after formation, the adenine is more 
likely to survive the radiation fields of our experiments. 
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DECOMPOSITION AND EQUIVALENCE OF LOCAL VECTOR FIELDS* 
By Kvo-Tsat CHEN 
DEPARTMENT OF MATHEMATICS, RUTGERS, THE STATE UNIVERSITY, NEW BRUNSWICK, NEW JERSEY 
Communicated by D. C. Spencer, April 2, 1963 


Let R” be the real n-space with the coordinates x = (x'). Denote by % the 
totality of the germs of C® vector fields about the origin 0. For any YX = Ya‘(x)oy 
dx of YM, the n X n matrix (a;'(0)) will be referred to as the jacobian of X. 

TueoreM 1. Jf X € YW vanishes at 0 and if none of the characteristic roots of the 
jacobian of X has vanishing real part, then 


X=S+WN 


such that (a) S\N € WA with [S\N | = 0, (b) with respect to a suitable C” coordinate 
system y about the origin 0, S is linear and semisimple, 7.e., 


S = Ye,'y/0/dy' 


with the matrix (¢;') similar to a complex diagonal matrix, (ec) the jacobiun cf N is 
nilpotent. 

The above theorem is a nonlinear analogy of the usual decomposition of a linear 
transformation into semisimple and nilpotent parts. 

Denote by A the totality of the formal vector fields of the form Sf(x)0/Ox‘ where 
each f‘(x) is a formal power series in x with real coefficients. We may define 
formal transformations, which are substitutions of the form: 


a! —> Thx) + Thyiv’r® +...,0= 1,...,2, 


with det(h;') #0. Then X,Y € A are said to be equivalent if there exists a formal 
transformation, which carries X to Y.'? Similarly, X,Y € YW are said to be 
equivalent if there exists a C® local homeomorphism about 0 which carries X to Y. 
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To each X = Ya'‘(x)d/Ox' of YA, we associate 6X = LV4'(x)O/Ox' of A, where each 
G‘(x) is the Taylor’s expansion of a‘(x). 

THEOREM 2. Let X,Y € W both vanish at 0 such that none of the characteristic roots 
of the jacobian of X has vanishing real part. Then X and Y are equivalent in MA af 
and only if the corresponding formal vector fields 0X and 6Y are equivalent in A. 

Each vector field corresponds to an autonomous system of differential equa- 
tions. The above theorem reduces the problem of finding normal forms’ of differ- 
ential equations to an algebraic one. 

For Theorem 1, it suffices to show that XY is equivalent to S + N. The proof 
may be divided into three steps. 

First step: Using the graded structure of the Lie algebra A, we find Z © A such 
that 


(exp ad Z)OX =S+N, 


where S,V € A satisfy three conditions analogous to the conditions (a), (b), and 
(c) stated in Theorem 1. Thus 6X is equivalent to S + N. 

Second step: Construct S,V € % such that (a) oS = S and oN = N, (b) Sis 
linear with respect to the coordinates x, (c) [S,V| = 0. Moreover, S + N is 
tangent to two linear subspaces V + and V~ of R” such that R" = V+ @ V~ and 
the restriction of exp S (and exp —S) in V~ (and V'*) is a contraction. 

Third step: Take any X’ € % equivalent to X such that eX’ = S +N. Con- 
struct a suitable cone in 2” so that any flow of S + N about 0 but not on V+ or V~- 
always passes through the cone. Denote by ¢(p) the time required for the flow of 
S + N to reach the cone from the point p. For y > 0, define 


(exp U(p)X')(exp — U(p)(S + N))p if y 2 | t(p) 
o,p = <(exp yX’)(exp — y(S + V))p ify<t(p) S 
(exp — yX’)(exp y(S + N))p if-—y>t(p) = —-. 


We then show that o,,7 > 0, are all defined in a neighborhood of 0 and that 


o = lima, 


yo 


is a C® local homeomorphism which carries S + N to X’. Thus, Theorem 1 is 
proved. 

The necessity part of Theorem 2 is obvious. On the other hand, if 6X and @Y 
are equivalent, then there exists Y’ € % equivalent to Y such that oY’ = S +N. 
It follows that Y’ and S + N are equivalent. Hence, we have Theorem 2. 

Theorem 1 also establishes the existence of C* stable manifolds, which is a known 
fact. A corollary of Theorem 2 gives a sufficient condition for the diagonaliz- 
ability of a system of differential equations due to Sternberg.® 

* Work supported in part by National Science Foundation grant NSF-GP-481. 
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STUDIES ON CELL AGGREGATION: DEMONSTRATION OF MATERIALS 
WITH SELECTIVE CELL-BINDING ACTIVITY* 


By A. A. Moscona 


DEPARTMENT OF ZOOLOGY, UNIVERSITY OF CHICAGO, AND MARINE BI OLOGICAL 
LABORATORY, WOODS HOLE, MASSACHUSETTS 


Communicated by George W. Beadle, April 2, 1963 


The mechanisms involved in the mutual attachments of cells and in selectivity of 
cell contacts are of major interest in studies on growth, developmental interactions, 
and differentiation in multicellular systems (recent reviews'). With the advent of 
procedures for dissociating tissues into cells and for controlled reaggregation of single 
cells into tissues, various aspects of these problems became accessible to critical 


analysis. Work on aggregation of dissociated embryonic cells directed attention to 
the possibility that specific cell products, functioning at the cell surface or between 
cells, might be involved in developmental attachment and interactions of cells.’ 
This raised the question, considered previously by others,* * whether selective bind- 
ing, grouping and “‘affinities’’ of cells, and related morphogenetic phenomena might 
not depend on the molecular features of such products.® Suggestive in this context 
was the role of cell surface materials in selective contact of mating types of micro- 
organisms,® in virus attachment to cells,’ in antigenic specificity of blood cells,* 
in fertilization,’ ete. The pursuit of these propositions hinged on validating the 
postulated existence of experimentally accessible cell-binding materials. Bioassays 
were therefore developed which would enable their detection,’ and tests were con- 
ducted for evidence of cell-binding activity in various preparations from embryonic 
cells,’ and from sponge cells. This report deals with work on marine sponge cells; 
the experimental advantages of these cells are that, unlike vertebrate cells, sponge 
cells function normally in sea water (or in asimilarly defined salt solution) and can be 
dissociated without treatment with enzymes. It was found that (1) materials with 
cell-binding activity can be obtained cell-free from living sponge cells; (2) their 
removal results in loss of mutual adhesiveness of the cells; (3) their replacement re- 
endows the cells with selective adhesiveness. 

Materials and Methods.—Microciona prolifera (referred to as /), a bright red 
sponge, and Haliclona occulata (H), a light purple-brown sponge, (both from Cape 
Cod waters) were used. The difference in pigments served to identify cells in 
interspecific mixtures. Only freshly collected material was used. 

Preparation of cell suspensions: ‘Two critically different dissociation procedures 
were used: (a) mechanical dissociation by pressing sponge fragments through fine 
cloth into sea water;'! the expressate contained cells and numerous cell clusters; 
and (b) chemical dissociation’? whereby suspensions of single cells were produced by 
removing divalent cations. To do this, mechanically dissociated cells were washed 
in caleium- and magnesium-free artificial sea water (CMF-SW) at 4°C by swirling 
them for 6 hr on a gyratory shaker at 80 rpm. The cells collected by low speed 
centrifugation were resuspended by pipetting in cold CMF-SW to make a stock 
suspension of single cells. 

Cell aggregation: The procedure of cell aggregation by rotation was used; 3 ml 
aliquots of cell suspension in sea water, or in a test medium, were rotated in 25 ml 
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irlenmeyer flasks on a gyratory shaker 80 rpm for 24 hr or less and scored for size 
and number of resulting aggregates. Experiments were run at 24°C (normal 
temperature for these sponges) and at 5°C. In this procedure the cells are swept 
into contact by the swirling liquid independently of their migratory properties; 
mutually adhesive cells aggregate; less or nonadhesive cells remain single. Size, 
number, and rate of formation of aggregates are directly related to the adhesive 
competence of the cells and provide a measure of aggregability of the ce!l population 
under the conditions tested. When the relevant experimental parameters are 
standardized,’ consistently reproducible aggregation patterns are obtained. 

Results —At 24°C mechanically dissociated cells dispersed in sea water adhered 
rapidly into compact aggregates which attained, in about 6 hr of rotation, a stable 
size distribution pattern (ligs. 1,2). When J/ and H/ cells were intermingled in the 
same suspension, cells from each species aggregated in separate clusters resulting 
in a mixture of distinet 7 and H aggregates, identifiable by their colors. This 
sorting-out strikingly reflected the functional selectivity of the cell-binding mech- 
anism of these sponge cells; it was therefore assumed that, if this mechanism could 
be isolated in a functional state, it should bind cells in a similarly selective manner, 
and that such selectivity tests would be essential for its acceptable demonstration. 

At 5°C the adhesive competence of mechanically dissociated cells was basically 
similar to that at 24°C although the rate of aggregation was somewhat slower and 
the aggregates were less regular and “rough.” It was concluded that mechanically 
dissociated cells retained their adhesive mechanisms and that these functioned at 
24°C and at 5°C. 

Chemically dissociated cells, dispersed in sea water, formed normal aggregates at 
24°C (Pigs. 3, 4) but at a slower rate than mechanically dissociated cells. How- 
ever, at 5°C the chemically dissociated .V cells did not aggregate and remained 
single, though brought continuously into contact by rotation (Fig. 5); chemically 
dissociated H cells formed (at 5°C) minute, loose clusters, most cells remaining free. 
Transferred to 24°C, the cells from both species aggregated. Raising the caleium 
content of the sea water at 5°C did not enhance the adhesiveness of chemically dis- 
sociated cells. However, divalent cations were essential for effective readhesion of 
these cells since at 24°C in CMIF-SW there was no aggregation. Consequently, 
reattachment of chemically dissociated cells was found to require: (a) thermo- 
sensitive processes inhibited at 5°C; (b) presence of divalent cations. The failure 
of chemically dissociated cells to aggregate at 5°C in the presence of calcium sug- 
gested that they had lost in the course of chemical dissociation a constituent 
essential for adhesion, which could be regenerated by the cells at 24°C but not at 
5°C. If so, then its recovery from dissociation supernatants and addition to 
chemically dissociated cells should cause them to adhere at 5°C. 

Formalin-treated cells: The above notion was further supported by the aggre- 
gative behavior of cells fixed in 4% formaldehyde in sea water at 4°C for 5 hr. Me- 
chanically dissociated formalinized cells remained mutually adhesive and when 
tested by rotation formed clusters at both temperatures; washing in CMIF-SW 
removed their adhesiveness. Chemically dissociated formalinized cells, tested 
identically, formed no clusters. These results pointed further to the tangible 
role of a material in cell attachment and its removal from the living cells in the 
course of chemical dissociation. 
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Preparations with cell-binding activity: When the CMF-SW dissociation super- 
natant of M cells was added to chemically dissociated MV cells rotated at 5°C in sea 
water, the cells formed compact clusters; controls in sea water only did not ag- 
gregate. lollowing this clue, a slight modification of the chemical dissociation 
procedure was worked out for obtaining preparations with high cell-binding activ- 
ity.!* The dissociation supernatant was separated from the cells by gentle cen- 
trifugation at 0°C, and recentrifuged at 11,000 rpm for 30 min at 0°C to remove 
cell particulates, cell membrane fragments, collagen fibrils,‘ ete. The cells re- 
mained viable and behaved, essentially, as after chemical dissociation. CaCl, was 
added to the supernatant to a concentration of 1.85mM. Activity of preparations 
from each species was assayed by adding it to cultures of chemically dissociated 
cells dispersed in sea water and rotated at 5°C. 

The effect of M preparation on chemically dissociated M cells at 5°C was striking 
and consistent: within 4-6 hr the cells adhered into compact masses resembling 
those formed by mechanically dissociated cells but larger (lig. 6). Maintained 
under suitable conditions such masses developed into sponges. Serial dilutions of 
the active preparation resulted in a corresponding decrease in the size of the ag- 
gregates produced. At 24°C the effect was greatly expedited. The aggregates 
were not disrupted by DNAse, RNAse, or collagenase but could be dissociated by 
CMF-SW. The active preparation caused a rapid clustering of chemically dis- 
sociated formalinized / cells; there was no effect on mammalian erythrocytes or 
dissociated tissue cells of vertebrate embryos. 

No cell-binding effect was obtained by homogenates of whole sponges in sea 
water. It is, thus, unlikely that the characteristic effect was due to nonspecific, 
cell disintegration products. The cell-binding constituent was released into solu- 
tion only after partial depletion of divalent cations; its activity depended on res- 
titution of calcium. Optical density readings of the active preparation revealed 
no peak at 260 mu, therefore no appreciable amounts of nucleic acids. Its activity 
was not destroyed by RNAse or DNAse; it was abolished by brief boiling. It is 
significant that the cell-binding activity of the preparations and the adhesive 
competence of chemically dissociated cells were inhibited by periodate; this re- 
‘alls the periodate-sensitive nature of aggregation of embryonic cells?-*> and of 
contact in other cell interactions®: *: ° and points to a possible role of carbohydrates 
in these processes. Characterization of the active preparation is in progress. 

Specificity of cell-binding preparation: The cell-binding preparations were 
found to have a remarkably selective activity. Preparations derived from M 
cells, which caused aggregation of M cells, had no such effect on chemically dis- 
sociated H cells, and vice versa. The cell-binding selectivity of these preparations 
was further tested on suspensions comprising intermingled chemically dissociated 

Fic. 1.—Suspension obtained by mechanical dissociation of Microciona; single cells and clusters. 

Fic. 2.—Aggregation of mechanically dissociated M cells at 24°C; 24 hr, 80 rpm. 

Fig. 3.—Suspension of M cells obtained by chemical dissociation; single cells only. 

Fic. 4.—Aggregation of chemically dissociated M cells at 24°C; 24 hr, 80 rpm. 

Fia. . —Chemically dissociated M cells rotated at 5°C for 24 hr, no aggregation. 

Fic. 6.—Part of a large aggregate formed at 5°C by chemically dissociated M cells in the presence 
of M cell- binding preparation (sister culture to the one in Fig. 5). 24 hr, 80 rpm. 

Fig. 7.—Mixture of M and H cells rotated at 5°Cf or 24 hr in the presence of M cell-binding 
preparation; part of large M aggregate and small, loose H clusters and cells. 


Fig. 8.—Mixture of M and H cells rotated at 5°C for 24 hr in the presence of combined M and H 
cell-binding preparations; part of large M aggregate and numerous separate H aggregates. 
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cells from both species. When the ./ preparation was added to a bispecific cell 
suspension at 5°C, only 1/7 cells formed massive aggregates (lig. 7); in the pres- 
ence of H preparation only H cells aggregated. When equal amounts of both 
preparations were added to a bispecific cell suspension, the cells from each species 
aggregated in separate clusters (lig. 8). The close correspondence between these 


effects and the aggregative behavior characteristic of these cells suggested that the 
active preparations contained constituents which were functionally at least closely 
related to the actual cell-binding mechanism. 

Remarks.—The simplest interpretation of these findings is that, in the organism 
studied, mutual attachment of cells is mediated by cell products functioning at the 
cell surface or extracellularly. The differences in adhesiveness and aggregability of 
cells obtained by the two dissociation procedures suggest that the cell-binding 
materials are retained by the mechanically dispersed cells, but come off in dis- 
sociation by cold calcium- and magnesium-free saline; and that they can be re- 
generated by the thus “denuded” cells at optimal, but not at suboptimal tem- 
peratures. This situation parallels closely the findings on thermosensitive nature 
of aggregation of embryonic vertebrate cells dissociated by trypsin"; in this case, 
regeneration of adhesiveness, removed by the tryptic treatment, is prevented by 
depressing the metabolic activity of cells; it is also inhibited by puromycin.” 

While this interpretation must be considered, at present, as tentative, it is 
clearly supported by the demonstrated presence of cell-binding activity in dis- 
sociation-supernatants, which promptly restitute adhesiveness to the chemically 
dissociated nonadhesive sponge cells, and which function selectively with respect 
to the species tested. Evidently, a material of an extractable nature is involved, 
obtainable from living cells, which preserves in a cell-free state features that 
characterize the adhesive selectivity or “affinities” of the donor cells. There may 
be a close similarity between these materials and the antigens previously detected 
on sponge cells." The present findings are thus in accord with the working con- 
cept, suggested by aggregation studies on vertebrate cells, that extracellularly 
functioning materials (I8CM) may have an important role in selective attachment 
and organization of cells.2>> Initial attempts to obtain cell-binding preparations 
from trypsin-dissociated embryonic vertebrate cells were described elsewhere.5 
It is to be expected that the readiness with which these materials can be obtained 
from cells, their selectivities, stability, and their various qualitative and quantita- 
tive characteristics will vary not only with different organisms or tissues but also 
with different functional states of cells. 

The activity of the cell-binding materials depends on calcium, which may be in- 
volved in linking them to the cell surface or in their molecular stability; other 
possibilities can obviously be envisaged. The evidence points to the cell surface as 
the site of the cell-binding products obtained from sponge cells and of their selective 
function; it does not say, however, whether the products come off all cells or only 
certain cell types, or how they are related to electrostatic properties of cells or to 
other cell surface specializations involved in cell contact.” However, if the ex- 
pectations of a more general validity of these findings are borne out, analysis of the 
molecular features and kinetics of such cell-binding products should further con- 
siderably our understanding of “cell affinities,” ‘surface coding,”’ ‘‘cell recognition,” 
and other surface-associated aspects of cell behavior closely involved in inter- 
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actions and morphogenetic organization of cells. Studies on their biosynthesis and 


susceptibility to cell-intrinsie or environmental variables might provide information 
on the control of cell adhesiveness and contact selectivity; modifications of ad- 
hesive properties of sponge cells'* and of vertebrate cells? '* by extended main- 
tenance in dispersion, and differences in microexudates produced by cells in culture” 
may be suggestive in this direction. 

Summary.—(1) Studies on aggregation of sponge cells dissociated by two different 
procedures indicated that: (a) reattachment of cells might be mediated by specific 
materials functionally associated with the cell surface; (b) such materials could be 
dissolved off living cells and regenerated by cells under suitable conditions; (c) 
functional characteristics of these products might be involved in contact 
selectivity and preferential attachments of cells. (2) The existence of such prod- 
ucts was demonstrated by obtaining from living cells cell-free preparations with 
selective cell-binding activity. Their effectiveness was found to be calcium de- 
pendent; they contained no detectable nucleic acids. The findings are discussed 
with reference to the postulated role of ‘extracellular’? materials (ECM) in de- 
velopmental associations of cells. 


* Project aided by grants: C-4272 from the National Cancer Institute, U.S.P.H.S.; NSF- 
(423852 from the National Science Foundation; and DRG-603B from the Damon Runyon Memo- 
rial Fund. This work was begun in 1960 during the author’s tenure of the Frank R. Lillie Fellow- 
ship of the Woods Hole Marine Biological Laboratory. Participation of the following in various 
phases of this program is acknowledged: T. D. Humphreys, M. H. Moscona, 8. Humphreys, R. 
Piddington, and D. C. Kirk. 
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COHESION OF DNA MOLECULES ISOLATED 
FROM PHAGE LAMBDA 
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GENETICS RESEARCH UNIT, CARNEGIE INSTITUTION OF WASHINGTON, COLD SPRING HARBOR, 
LONG ISLAND, NEW YORK 


Communicated March 25, 1963 


Aggregation of DNA is often suspected but seldom studied. In phage lambda 
we found a DNA that can form characteristic and stable complexes. A first ac- 
count of them is given here. 

Materials and Methods—DNA was extracted from a clear-plaque mutant 
(genotype cb*) of phage lambda! by rotation? or shaking® with phenol. Sodium 
dodecylsulfate, ethylenediaminetetraacetate, citrate, or trichloroacetate was 
sometimes included in the extraction mixture without effect on the properties of 
the DNA. Phenol was removed by dialysis, with or without preliminary extraction 
with ether, against 0.1 or 0.6 1 NaCl. 

Sedimentation coefficients were measured‘ at 10 ug DNA/ml in 0.1 and 0.6 M 
NaCl in aluminum cells at 35,600 rpm with consistent results, and are reported as 
Soo .w- 

Zone sedimentation? of labeled DNA’s® was observed in 0.1 47 NaCl immobilized 
by a density gradient of sucrose. A sample, usually containing less than 0.5 yg 
of DNA in 0.15 ml of 0.1 47 NaCl, was placed on 4.8 ml of sucrose solution, and 
the tube was spun for 5 or 6 hr at 28,000 rpm in an SW39L rotor of a Spinco Model 
L centrifuge at 10°C. 

Solutions containing 5~40 ug DNA/ml in 0.1 or 0.6 1 NaCl were stirred on 
occasion for 30 min at 5°C with a thin steel blade turning in a horizontal plane.’ 
Since we used two stirrers of different capacities, stirring speeds given in this paper 
are comparable only within a context. 

Salt solutions were buffered at pH 6.7 with 0.05 1/7 phosphate. 

Results.—Disaggregation and breakage: Solutions containing 0.5 mg/ml of 
lambda DNA in 0.1 NaCl acquire an almost gel-like character on standing for 
some hours in a refrigerator. Diluted to 10 ug/ml, the DNA exhibits in the 
optical centrifuge an exceedingly diffuse boundary sedimenting at 40-60 s (Fig. 
1A). If the diluted solution is aged for several days, the sedimentation rate may 
fall somewhat (not below 40s), but the boundary remains diffuse and often appears 
double. 

Stirring the diluted solution at 1,300 to 1,700 rpm yields a single component 
sedimenting at 32 s (Fig. 1B). The product so obtained is stable for a week or 
more in the cold in 0.1 JJ NaCl. We eall this process disaggregation by stirring. 

If samples of the diluted solution are stirred at increasing speeds between 1,800 
rpm and 2,100 rpm, one sees a stepwise transition from 32 s to 25.2 s components, 
each by itself exhibiting a sharply sedimenting boundary (Figs. 1C and 1D). We 
call this phenomenon breakage. Broken DNA can form aggregates, but the char- 
acteristic 32 s species cannot be regained. 

Aggregation: Disaggregation, in contrast to breakage, is reversible, as shown 
by the following experiment. Lambda DNA at 40 ug/ml in 0.6 M7 NaCl was 
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Fig. 1.—Sedimentation pattern of initially aggregated DNA after 
stirring at several speeds. A, unstirred; B, 1,600rpm; C, 1,900 rpm; 
D, 2,000 rpm. The meniscus shows at the right. 


disaggregated by stirring at 1,700 rpm, and samples at either 40 ug/ml or 10 ug 
ml in the same solvent were warmed to 45°C. After measured time intervals, the 
tubes were chilled and their contents diluted to 10 ug/ml, if necessary, with cold 


0.6 Mo NaCl. Sedimentation coefficients were measured over the course of some 
hours. Unheated samples showed the same sedimentation rate at the beginning 
and end of the series of measurements. The heated samples were analyzed in 
random order, so that the results reflect mainly the duration of heating, not the 
duration of subsequent storage. 

The results, presented in Figure 2, show that the sedimentation rate of the 
DNA increases rapidly on heating at 40 ug/ml, and less rapidly on heating at 10 
ug/ml. The reversibility of disaggregation, and the dependence of rate of aggrega- 
tion on concentration of DNA, justify our choice of language. 

Similar experiments showed that heating in 0.1 17 NaCl under the same condi- 





tions does not cause appreciable aggrega- 45 ' 
tion. Aggregation occurs in that solvent 
at higher DNA concentrations, however. 
Thus, aggregation is accelerated by high 
DNA concentrations, high temperatures, 
and high salt concentrations. 

Linear molecules: According to the 
description given above, aggregated 
lambda DNA ean be reduced under shear 
toa uniform 32 s product, which is evi- 
dently the structure subject to breakage 
at higher rates of shear. The maximum Fic. 2.—Aggregation at 45°C. Circles, 40 
stirring speed withstood by 32 s lambda #8 DNA/ml in 0.6.M NaCl; triangles, 10 

‘it: if ug/ml. The scale on the ordinate refers to 
DNA is 1,800 rpm at 10 ug/ml. When observed sedimentation coefficients. 
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T2 DNA is stirred under the same conditions, it is reduced to fragments sediment- 
ingat3ls. Thus, lambda DNA exhibits a fragility under shear that is appropriate 
to linear molecules’ sedimenting at about 32 s. We therefore conclude that 32 s 
lambda DNA consists of linear molecules. These and other DNA structures are best 
identified by zone centrifugation, as illustrated below. 

Linear molecules can also be prepared (irrespective of the initial state of aggrega- 
tion of the DNA) by heating a solution in 0.1 or 0.6 4/ NaCl to 75°C for 10 min 
and cooling the tube in ice water (Fig. 3A, solid line). This procedure is effective 
at concentrations up to 10 ug/ml at least. 
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Fig. 3.—Zone sedimentation of several molecular forms. Solid lines: P#?- 
labeled linear molecules (4 ), folded molecules (B), aggregates ((’), dimers and 
linear monomers (D). Broken lines, a preparation of H*-labeled marker DNA 
containing linear and some folded molecules. 


Linear molecules are obtained directly by extracting the DNA (by rotating, not 
shaking, the tubes)* at 2 ug/ml into 0.1 JJ NaCl (Fig. 34, dotted line). Control 
experiments showed that the mechanical operations involved in the extraction do 
not destroy previously formed complexes in solutions diluted to 2 g/ml. 

We conclude that the 32 s form of lambda DNA is analogous to more conven- 
tional phage DNA’s and is a typical double-helical molecule. 

Folded molecules: Another form of lambda DNA we usually prepare by heating 
a dilute solution (5 wg/ml or less) in 0.6 17 NaCl to 75°C for 1 min, and allowing 
the container to cool slowly (0.4° per min at 65°) in the heating bath with the 
heater disconnected. The resulting product sediments as a narrow band moving 
1.13 times faster than linear molecules in zone centrifugation (lig. 3B). The 
expected sedimentation coefficient is 32 K 1.13 = 36.2 s. Material prepared as 
described and then concentrated by dialysis against dry sucrose followed by 0.6 
M NaC! shows in the optical centrifuge a sharp boundary at 37 s. 
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The formation of 37 s material is equally efficient at several DNA concentrations 
between 5 ug/ml and 0.1 ug/ml (at higher concentrations it is obscured by simul- 
taneous aggregation). The 37s product, therefore, is composed of monomers that 
we shall call folded molecules. 

When a dilute solution containing either linear or folded molecules in 0.6 7 
NaCl is heated to 75°C, one gets only linear molecules by rapid cooling and only 
folded molecules by slow cooling. Partial conversion of linear to folded molecules 
occurs on heating to 45°C for 30 min followed by rapid cooling, and nearly com- 
plete conversion at 60°C. Thus, at 75°C linear molecules are the stable form of 
lambda DNA. At low temperatures, folded molecules are more stable but the 
conversion is slow. The slow cooling from 75°C serves to find a temperature near 
60°C at which the conversion to folded molecules is rapid and the product is 
stable. 

lolded molecules are formed on heating and slow cooling in 0.1 1/ NaCl as well 
as in 0.6 JJ NaCl, but the conversion is not complete at the lower salt concentration. 
Some molecular folding also occurs when linear molecules are stored at low concen- 
tration and low temperature for a few weeks in 0.1 1/7 NaCl or a few days in 0.6 1/ 
NaCl. This is the origin of the faster-sedimenting component of the tritium- 
labeled marker DNA whose sedimentation pattern appears in Figure 3. 

lolded molecules can be converted back into linear molecules by stirring as well 
as by heating, though the margin between the stirring speed required to accomplish 
this and the speed sufficient to break linear molecules is rather narrow. 

It should be added that heating DNA at 10 ug/ml and 45°C in 0.6 7 NaCl pro- 


duces many folded molecules whose formation competes with the simultaneous 
aggregation. Tor this reason the dependence of rate of aggregation on DNA con- 


centration is not truly represented in Figure 2. 

Folded molecules themselves do not aggregate. Solutions concentrated for 
analytical centrifugation continue to yield sharp boundaries after aging in 0.6 
M NaCl. Neither do folded molecules form complexes with linear molecules. This 
was shown by mixing P**-labeled folded molecules with unlabeled linear molecules 
(20 ug/ml) and aging the mixture in 0.6 JJ NaCl for 4 days at 5°C. A similar 
mixture containing labeled linear molecules served as control. Zone centrifugation 
of each mixture with added H*-labeled marker DNA showed that the labeled linear 
molecules but not the folded molecules had formed complexes with the unlabeled 
DNA. 

The similarity between the conditions, other than DNA concentration, control- 
ling formation and destruction of folded molecules, and formation and destruction 
of aggregates, suggests that similar cohesive forces are involved in both phenomena. 
The folding implies that each molecule carries at least two mutually interacting 
cohesive sites, which join to form a closed structure. The uniformity of structure 
of folded molecules, indicated by the narrow zone in which they sediment, suggests 
that there are not more than two cohesive sites, and that these are identically 
situated on each molecule. 

Dimers and trimers: Aggregated DNA often shows multiple boundaries in the 
optical centrifuge and always shows multiple components in zone centrifugation. 
An example, prepared by heating linear molecules for 30 min at 45°C and 40 ug/ml 
in 0.6 M NaCl, is shown in Figure 3C. Since the characteristic folding seen in 
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monomers is incompatible with aggregation, as already described, it is likely that 
some of the differently sedimenting products of aggregation are polymers differing 
in mass rather than configuration. 

One form of aggregate can be obtained in moderately pure state by allowing 
aggregation to occur during a day or so in the cold at 100 ug/ml in 0.1 AJ NaCl 
(Fig. 3D). Such material contains a fraction of the molecules in linear form, 
and presumably contains in addition mainly the smaller and more stable aggregates. 
One of these, as shown in the figure, always predominates, and we assume that it is 
adimer. It sediments 1.25 times faster than linear molecules. 

In a study of zone centrifugation to be reported separately, we found a relation 


Do ” (zy" 1) 
D \L 


between molecular lengths (L) and distances sedimented (D) of two DNA’s, which 
is valid for linear molecules. According to this relation, dimers are about twice as 
long as linear molecules of lambda DNA. The only alternative compatible with 
the sedimentation rate is a second form of folded monomer, which is ruled out by 
the requirement for high DNA concentrations during formation. Therefore, dimers 
are tandem or otherwise open structures. (For definitions of “open” and “closed,” 


see hereafter.) 

In more completely aggregated material (lig. 3C) one sees few or no linear 
molecules, a very few folded molecules (fewer the more concentrated the solution 
in which aggregation occurred), a considerable fraction of dimers sedimenting 1.25 
times faster than linear molecules, and another characteristic component sediment- 
ing 1.43 times faster than linear molecules. According to its sedimentation rate, 
the last component could be a tandem trimer or a folded or side-by-side dimer. We 
believe that it is an open trimer for the following reasons. 

A folded dimeric structure is ruled out because material sedimenting at rate 1.43 
does not form when a dilute solution containing dimers (similar to that shown in 
lig. 3D) is aged for two weeks in the cold in 0.1 or 0.6 JJ NaCl, or is heated in 
0.6 or 1.0. NaCl at 45°C. At high DNA concentrations, trimers do form under 
these conditions. At low DNA concentrations, dimers and trimers are stable and 
one sees only the conversion of linear to folded monomers. 

A side-by-side dimeric structure can be ruled out on the basis of susceptibility 
to hydrodynamic shear. Figure 4 shows the result when samples of a mixture of 
trimers, dimers, and folded and linear monomers are stirred at increasing speeds. 
Trimers disappear first, being converted to dimers or linear molecules or both. 
Next to go are dimers. Folded monomers are much more resistant, but can be 
reduced to linear monomers at stirring speeds just insufficient to break the mole- 
cules. Thus, trimers, as expected if they are open structures, are more fragile 
than open dimers, whereas closed dimers should be more stable. We note, how- 
ever, that a small amount of the material sedimenting at the rate of trimers is 
relatively resistant to stirring and could signify a minority of closed dimers. 

We note also that destruction of dimers and trimers does not liberate any folded 
monomers, a result consistent with the evidence from sedimentation rates for an 
open polymeric structure, and with our finding that folded monomers do not form 
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complexes. The fact that aggregation and folding are 
mutually exclusive processes implies that both utilize the 
same limited number of cohesive sites, which must be 
small in size to account for the open polymeric struc- 
ture. As already suggested by the unique configura- 
tion of folded monomers, there may be only two sites 
per molecule. 

Specificity of aggregation: If tracer amounts of 
P82-Jabeled lambda DNA are mixed with unlabeled 
lambda DNA at 25 ug/ml in 0.6 M NaCl, and the 
mixture is brought to 75°C for 1 min and allowed to 
cool slowly, subsequent zone sedimentation with added 
H*-labeled marker shows that most of the P**-labeled 
DNA has been converted to aggregates and a small re- 
mainder to folded molecules. When the same proce- 
dure is followed with H*-labeled or unlabeled T5 DNA 
substituted for the unlabeled lambda DNA, the T5 
DNA sediments (at its normal rate) 1.20 times faster 
than the P*?-labeled lambda DNA, which now consists 
entirely of folded molecules. lambda DNA 
shows no tendency to form complexes with T5 DNA, 
T5 DNA itself does not form stable aggregates, and T5 
DNA does not inhibit molecular folding in lambda 
DNA. The cohesive sites in lambda DNA are there- 
fore mutually specific, as our model requires. 

Role of divalent cations: Divalent cations probably 
do not play any specific role in the phenomena described 
in this paper. In NaCl solutions, molecular folding 
and aggregation are not inhibited by added citrate or 
ethylenediaminetetraacetate. Neither are these proc- 
esses appreciably accelerated, in the presence of NaCl, 


Thus, 


by added calcium or magnesium ions. In a solution of 
0.01 M MgCl, 0.01 47 CaCl, and 0.01 M tris (hy- 
droxymethyl) aminomethane, pH 7.2,5 linear monomers 
at 10 ug/ml are about as stable as they are in NaCl 
solutions. 

Interpretation of sedimentation rates: Equation (1) 
shows that if two identical DNA molecules were joined 
end to end their sedimentation rate would increase by 
the factor 1.27, evidently owing to the loss of independ- 
ent mobility. Perhaps the result would be about the 
same whether they were joined end to end or to form a 
V,aT,oran X. Thus, we are led to the definition of 
an open dimeric structure as one formed by the joining 
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Fig. 4.—Successive  de- 
struction by stirring of tri- 
mers, dimers, and _ folded 
molecules, as seen by zone 
centrifugation. Linear mole- 
cules began to break at 2,400 
rpm in this series. The start- 
ing material was prepared by 
heating a sample of DNA, al- 
ready containing some spon- 
taneously formed folded 
molecules and dimers, for 30 
min at 45°C and 40 ug/ml in 
1.0 M NaCl, and diluting to 
5 ug/ml in buffered water. 


of two linear molecules at a single point, recognizable by a 1.27-fold increase in 


sedimentation rate. 


The principle of independent mobility of parts suggests that, 


as the structure departed from the tandem arrangement, its sedimentation rate 
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could only increase, not decrease, and in the order V, T, X. 

Our results also show that molecules of lambda DNA undergo some sort of fold- 
ing, apparently as the result of bonding between two cohesive sites lying at some 
distance from each other on each molecu's. If that interpretation is correct, it 
would appear that when the molecule (regarded as two halves joined end to end) 
forms an additional point of attachment between its parts, the sedimentation rate 
increases by an additional factor of 1.13, evidently owing to a further loss of inde- 
pendent mobility of parts. Thus, we are led to the definition of a closed dimeric struc- 
ture as one formed by joining two linear molecules at two points. Such a structure 
ought to sediment 1.27 X 1.13 or 1.43 times faster than the linear monomer. We 
have not found closed dimers, but the question remains how the factor 1.13 would 
depend on the point of closure of a threadlike molecule. The principle of independ- 
ent mobility of parts suggests that the sedimentation rate would approach or pass 
through a maximum as the fraction of the molecular length contained in the loop 
increased. In some measure it may be possible to answer such questions empiri- 
cally by determining the locations of cohesive sites on the molecules. 

Discusston..-Lambda DNA can exist in at least four characteristic forms that 
we call linear monomers, folded monomers, open dimers, and open trimers, which 
sediment respectively at the rates 1.0, 1.13, 1.25, and 1.43, expressed in arbitrary 
units. These structures are interconvertible with certain restrictions according 
to the scheme 


—_ é 


open polymers <> linear monomers +> folded monomers 


As the scheme indicates, linear monomers are subject to two distinct processes: 
aggregation, seen at DNA concentrations exceeding 10 ug/ml, and folding, seen at 
any concentration but forced to compete with aggregation at high DNA concentra- 
tions. Both processes are accelerated as the temperature is raised to about 60°C, 
beyond which only linear monomers are stable, and as the salt concentration is raised 
from 0.1 to 1.0.17. Both processes are rapidly reversed at 75°C or by hydrodynamic 
shear. All four structures are stable at low temperatures, low DNA concentrations, 
and low salt concentrations, except for a slow conversion of linear to folded mole- 
cules. 

Since folded molecules exist in only one stable configuration, and since molecular 
folding and aggregation are mutually exclusive processes, we postulate that each 
molecule carries two cohesive sites in prescribed locations, and that these are respon- 
sible for both processes. To account for the considerable effect of molecular fold- 
ing on sedimentation rate, the sites must lie rather far apart along the molecular 
length. To account for the moderate effect of dimerization on sedimentation rate, 
the cohesive sites must be small compared to the total molecular length. 

According to the proposed model, one might anticipate two dimeric forms, open 
(that is, joined by one pair of cohesive sites) and closed (joined by two). We 
find only open polymers, though a minority with closed structures is not excluded. 
Failure to detect closed polymers may be explained, at least in part, by the fact 
that the rate of folding must decrease as the length of the linear structure increases.® 

Whether all details of our model are correct or not, it is clear that lambda DNA 
forms a limited number of characteristic complexes, not the continuously variable 
series that might be expected if the molecules could cohere at random. The 
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limited number of mutually specific cohesive sites implied thereby suggests a special- 
ized biological function, one that remains to be identif ed. 

Summary.—The DNA of phage lambda undergoes reversible transitions from 
linear to characteristically folded molecules, and from linear monomers to open 
polymers. Some conditions favoring one state or another have been defined. It 
may be surmised that each molecule carries two specifically interacting cohesive 


sites. 
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Page 569: In the final printing, the graphs for Figures 1 and 2 were inadvertently 
transposed. The graph labeled ‘‘Fd-catalyzed photophosphorylations with and 
without TPN,” is Figure 1, but was erroneously shown as Figure 2. The graph 
labeled ‘‘I'd-catalyzed cyclic photophosphorylation”’ is Figure 2, but was erroneously 
shown as Figure 1. The text of the legends for Figures 1 and 2 was correctly 


printed. 

Page 571: The first sentence of the last paragraph should read, ‘‘It is interesting 
to note that, although reduced ferredoxin is nonenzymatically oxidized by oxygen,° 
an appreciable leakage of electrons to O» (Oz is always present around the chloro- 
plasts in vivo) is prevented by the strong affinity of reduced ferredoxin, (a) for the 
TPN-reducing system, and (b) for the grana-bound electron carriers of cyclic 


’ 


photophosphorylation.’ 
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